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ABSTRACT
The hydrodenitrogenation reaction network of quinoline was
studied over a sulfided NiMo/A1203 catalyst at temperatures of
350°, 3750 and 3900 C and a pressure of 6.9 MPa, using
quinoline or various intermediate reaction products in the
presence of an inert paraffin liquid. Equilibrium between
quinoline and 1,2,3,4 tetrahydroquinoline is rapidly attained.
The hydrogenolysis of CN bond follows the hydrogenation of
heterocyclic or aniline ring. Propylcyclohexane was the
predominant hydrocarbon product, though the ring isomerization
of propylcyclohexene was observed.
A Langmuir-Hinshelwood type kinetic model was employed.
The reaction rate constants for the various reactions in the
network are very similar to those for the same reactions in
the vapor phase, although the liquid tends to equalize the
adsorptivities of the various N-compounds present. Over a
wide range, for a specified pressure and temperature, the
percent conversion as a function of contact time is remarkably
similar for iquid and vapor phase processing. In both cases,
the overall ;.DN reaction is essentially zero order under the
conditions sudied.
The presence of H2S (generated in situ from CS2) in the
overall reaction network somewhat inhibits hydrogenation and
dehydrogenation reactions but markedly accelerates
hydrogenolysis reactions, for a net increase in the overall
rate of hydrodenitrogenation. H S has little effect on the
activation energies for the hydrogenation and dehydrogenation
reactions, but significantly reduces those for the
hydrogenolysis reactions. The presence of H S also
significantly increases the ring isomerization of
propylcyclohexene in quinoline HDN. Two kinds of catalytic
sites, sulfur anion vacancies and Brosted acid sites, are
proposed to explain the effect of H2S on HDN reactions. An
H2S molecule under reaction conditions can convert one sulfur
vacancy to one Brsted acid site on the surface of sulfided
-1-
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NiMo/A1203.
The presence of tetralin in the liquid inhibits the
overall hydrodenitrogenation reaction, indicating that
inhibition by competitive adsorption is more important than
the accelerating hydrogen-donor capability that tetralin
exhibits in some homogeneous reactions.
The hydrodeoxygenation (HDO) reaction networks of
alkylphenol, benzofuran, and benzylether were separately
studied at 375C and 6.9 MPa. The HDO of alkylphenols and
benzofuran proceeds via hydrogenation of the heteroring or
phenolic ring followed by the rapid formation of water and two
isomers of alkylcyclohexene which then react further.
In selected binary mixtures of a heterocyclic nitrogen
compound and phenolic or heterocyclic oxygen compound and in
the presence of H2S, the rate of hydrodeoxygenation (HDO) was
considerably decreased in comparison to that observed with
same compound individually at the same reaction conditions.
The rate of hydrodenitrogenation (HDN) of quinoline was
increased and the effect on the HDN rate of o-ethylaniline
depended on the specific oxygen compound. Traces of water
vapor increase hydrodenitrogenation if H2S is also present.
The results are interpreted in terms of the relative
importance of competitive adsorption, water formed by the HDO
reaction, alteration of the catalyst structure and possibly
hydrogen bonding between species.
The method of presulfiding of a commercial NiMo/A1203
catalyst has a significant effect on its inherent activity for
the hydrodenitrogenation of quinoline (HDN). In addition,
during reaction the addition of H2S increases the HDN rate and
its removal decreases it in a reversible manner. The optimal
sulfiding conditions for hydrodesulfurization (HDS) and HDN
are discussed. The effect of H2S on the kinetics of a variety
of hydrodenitrogenation, hydrodesulfurization, and
hydrogenation reactions on molybdenum catalysts reported by
several researchers are seemingly controversial. Such results
can be rationalized in terms of the H2S effect on two kinds of
sites, sulfur anion vcancies and Brested acids proposed in
this work.
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CHAPTER I
Introduction and Background
I.1. Introduction
Because of the depletion of conventional petroleum
resources, synthetic liquid fuels derived from coal, oil shale
and tar sands will be assuming a role of increasing importance
in the future. Such synthetic feedstocks and heavier
petroleum fractions are characterized by high concentrations
of heteroatoms such as sulfur, nitrogen and oxygen.
Table I-1 illustrates typical nitrogen, sulfur and oxygen
contents of some representative synthetic liquid fuels, light
petroleum crude and heavy residuum. Some coal liquids, shale
oil and tar sand oil contain ten times as much nitrogen as is
present in most crude petroleum refined today. Besides, coal
liquids also contain substantial amounts of oxygen species.
Hydrotreating processes are used in petroleum refining to
remove the heteroatoms such as sulfur, oxygen, nitrogen and
metals from feedstocks. Since sulfur is the dominating
heteroatom in petroleum feedstocks, catalytic hydrodesulfuri-
zation (HDS) has been an important commercial process for
sometime. Such processes and catalysts are optimized for sul-
fur removal, though hydrodenitrogenation (HDN), hydrodeoxyge-
nation (HDO), hydrocracking and hydrogenation all occur
-19-
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simultaneously to various degrees.
Nitrogen compounds in fuels may result in poor color and
instability and contribute to NOx emission on combustion. In
refining feedstocks nitrogen compounds poison the acidic
catalysts used in reforming, cracking and hydrocracking
processes. Catalytic reforming processes require feedstocks
containing not more than a few ppm nitrogen, and catalytic
cracking feedstocks can tolerate only a few hundred ppm nitro-
gen. Furthermore, some heterocyclic nitrogen compounds may be
carcinogenic.
It is not clear whether the removal of oxygen species is
required during this hydrotreating in order to achieve desired
product specifications but in any event if oxygen species are
present, they may react and because of the high oxygen content
of coal liquids this can cause significant additional hydrogen
consumption and may complicate nitrogen removal.
Generally nitrogen compounds are more resistant to remo-
val than sulfur compounds of similar molecular weight under
comparable conditions. Low nitrogen contents can be obtained
by very severe HDN treatment, which requires a high hydrogen
consumption and can be costly. The existing hydrotreating
processes and catalysts, which have been developed for HDS
reaction, may not be optimum for HDN reaction.
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1.2. Processes
Typically, the sulfur and nitrogen contents are lowered
by a hydrotreating process in a trickle bed reactor at hydro-
gen pressure in the range of 3.45 Mpa (500 psi) to 13.8 Mpa
(2000 psi) and temperature in the range of 3000 C to 4200 C.
Usually a catalyst of CoMo, NiMo or NiW supported on alumina
is employed. In general, the operating conditions are much
more severe for synthetic fuels and heavy residua than for
light petroleum feedstocks, as shown in Table I-2; they
require higher temperature and pressure, and consume more
hydrogen. Upon removing heteroatoms, hydrogen sulfide,
ammonia or water is ultimately formed; also, the highly
aromatic molecules in coal liquids can also be hydrogenated.
In the industrial operation, the temperature of a trickle
bed reactor is gradually increased with time to compensate for
catalyst deactivation and to maintain constant conversion.
Usually the catalyst is regenerated by burning off the coke.
The catalyst deactivation can be extremely severe with coal
liquids because of their high coke-forming tendencies.
1.3. Characterization of Heteroatoms in Syncrudes
The nature of nitrogen and oxygen compounds in petroleum
is summarized by Snyder (1970). It was found that similar
types of nitrogen-containing compounds are present in syn-
thetic fuels as well (Aczel and Lumpkin, 1977; Qader et al.,
-23-
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1969; White et al., 1978; Paudler et al., 1979; Scheppele et
al., 1977). Nitrogen is largely in the form of heterocyclic
compounds having five or six membered rings such as pyridines,
quinolines, acridines, pyrroles, indoles, and carbazoles; it
is also in the form of aromatic amines and aliphatic amines,
as shown in Table I-3.
Aczel and Lumpkin (1979) further indicated that the
heteroaromatic components in cool liquids possed one-to-eight
ring condensed aromatic skeletons, associated with functional
groups including pyrrolic, pyridinic, thiophenic, furanic,
hydroxylic, and carboxylic groups; and that compounds with
more than one functional group are also present in coal
liquids. Buchanan et al. (1980) found primary aromatic amines
and azaarenes to be the major nitrogen compounds in coal
liquids. The aromatic amines range in size from one to three
aromatic rings and with alkyl substitution up to six carbons,
in which the degree of alkyl substitution decreases with an
increase in the number of aromatic rings. Azaarenes range in
size from two to six rings including, for example, quinolines,
dibenzoquinolines, azafluorenes, azabenzopyrenes. Buchanan et
al. also found that shale oil contain less primary aromatic
amine and the azaarenes in shale oil are generally smaller in
ring size than those observed in the coal derived subfrac-
tions.
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Table I-3
Representative Nitrogen Compounds in Synthetic Fuels
otczo
Pyridine Quinoline Acridine
CNrbzl
Carbazole
Azapyrene
Azacholanthrene
C
3,5-Methylbutylaniline
Pyrrole Indole
N
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Phenol derivatives predominate among the oxygen compounds
in liquid fuels derived from coal, oil shale and tar sand.
For example Ignasiak et al. (1977) reported that 75% of the
oxygen present in an Athabasca asphaltene was in the form of
hydroxyl functions. In a detailed analysis of an anthracene
oil, Scheppele et al. (1981) reported that 81% of the acids
were hydroxylated aromatics. Furans, Carbonyls and carboxyl
groups are also found. Representative ones are shown in Table
I-4.
The sulfur contents are low in synthetic crudes largely
due to the desulfurization in the liquefaction or retorting
process. The sulfur compounds appear mainly as the thiophenic
type in syncrudes, as shown in Table I-4.
I.4. Reactions on Hydrotreating Catalysts
Hydrotreating studies have been conducted with actual
feedstocks, or with model compounds dissolved in simulated
feedstocks. Most commonly a feedstock of interest is
hydroprocessed and the percent removal of sulfur, nitrogen and
oxygen is reported as a function of reaction conditions.
Often such studies are empirical and little fundamental under-
standing is gained about the nature of the reaction occurring.
Model compound studies on HDN, HDS and HDO not only lead to a
fundamental understanding of the reactions themselves but also
shed light on the development of improved catalysts and
-27-
Table I-4
A.Representative Oxygen Compounds in Synthetic Fuels
Dihydroxylfluorene
,L C3H 7
CH3
Benzonaphthofuran
KŽC °COOH
B.Representative Sulfur Compounds in Synthetic Fuels
H
Dibenzothiophene
Benzopyrenothiol
s---
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processes. In this thesis only the relevant model compound
studies are reviewed.
I.4.1. Hydrodesulfurization (HDS)
The literature concerning HDS reactions has been reviewed
in detail by Schuit and Gates (1973) and by Schuman and Shalit
(1970). The results on HDS reactions of thiophene, ben-
zothiophene and dibenzothiophene are briefly mentioned here,
which will be helpful in the understanding of catalytic sites
on hydrotreating catalysts.
Owens and Amberg (1961) studied the thiophene HDS reac-
tion over chromia and cobalt molybdate and determined the
relative rates for various steps in its reaction network. The
initial step in HDS is the direct extrusion of sulfur to form
butadiene which undergoes hydrogenation to 1-butene rapidly.
1-Butene is then isomerized to cis and trans 2-butene, or
further hydrogenated to butane, as shown in pathway A in the
following:
PATHWAY (A)
PW% / S 
PATHWAY (B)
-29-
The rate-limiting step is the hydrogenation of butene. Later
Desikan and Amberg (1964) studied the HDS reaction of tetrahy-
drothiophene and suggested that thiophene can also undergo
hydrodesulfurization through a minor pathway B by hydrogena-
tion of its ring prior hydrogenolysis of hydrothiophene.
Givens and Venuto (1970) reported the HDS reaction net-
work of benzothiophene over CoMo/A1203 : benzothiophene is
hydrogenated on its thiophenic ring to form dihydroben-
zothiophene, prior to the hydrogenolysis of C-S bond to form
ethylbenzene. Furimsky and Amberg (1976) found Styrene among
the products resulting from the HDS reaction of benzothiophene
on an unsupported MoS2 catalyst. The authors therefore argued
that benzothiophene should undergo direct sulfur extrusion on
supported cobalt molybdate as well, but the intermediate
styrene is then hydrogenated rapidly to ethylbenzene and left
no trace in the final product stream.
The HDS studies on dibenzothiophene (Houalla et al.,
1978; Broderick and Gates, 1981) clearly demonstrated that
both the hydrogenation of thiophenic ring and the direct
extrusion of sulfur occur on CoMo/A1 2 03 as indicated in the
following:
-30-
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In pathway A, sulfur is directly removed from dibenzothiophene
resulting in diphenyl, while dibenzothiophene is hydrogenated
to form tetrahydrodibenzothiophene through pathway B.
Tetrahydrodibenzothiophene is in equilibrium with hexahydrodi-
benzothiophene which in turn loses sulfur and is converted to
phenylcyclohexane. The unambiguous result of the two reaction
pathways is due to the fact that biphenyl, the product from
direct sulfur extrusion, is quite stable against further
hydrogenation and remains in the product stream.
1.4.2. Hydrodenitrogenation (HDN)
The hydrodenitrogenation of heterocyclic nitrogen com-
pounds occurs via a complex reaction network involving
hydrogenation of the heterocyclic rings followed by carbon-
nitrogen bond scission, in contrast to hydrodesulfurization
which involves largely direct extrusion of sulfur from
thiophenic ring.
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Most of the work on monocyclic nitrogen compounds has
been done with pyridine, while pyrrole has seldom been used
because of its thermal instability. The HDN reaction network
of pyridine was studied by McIlvried (1971) on sulfided
CoNiMo/A1 2 03 and by Sonnemans et al. (1973, 1974) on reduced
Mo/A1 20 3, as shown in the following:
Pyridine is hydrogenated to piperidine following hydrogeno-
lysis of the C-N bond to form pentane. Sonnemans et al. also
found a significant amoung of N-pentyl piperidine resulting
from an alklyl transfer reaction.
Doelman and Vlugter (1963) studied the quinoline HDN
reaction over a prereduced CoMo/A1203, and concluded that
rapid hydrogenation of quinoline on the heterocyclic ring
occurs first, followed by ring rupture and deamination.
Recently Satterfield and coworkers (1981) carried on
research on quinoline HDN in a vapor phase flow reactor using
sulfided NiMo/A1 2 03. Shih et al. (1977) investigated the same
reaction in a bath reactor also using sulfided NiMo/A1203.
Both reported a similar and more complete reaction network for
quinoline HDN.
-32-
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_ +NH 3
Under all reactions investigated, quinoline is rapidly hydro-
genated to py-tetrahydroquinoline reaching thermodynamic
equilibrium. Saturation of the heterocyclic ring is required
before hydrogenolysis of C-N bonds and nitrogen removal reac-
tions can process. The aromatic ring in quinoline can also be
saturated, either as the initial reaction step or during the
nitrogen removal process. The major hydrocarbon product is
propylcyclohexane.
The thermodynamics of HDN reactions have been reported
(Cocchetto and Satterfield, 1976). Equilibrium constants for
HDN reactions of various heterocyclic nitrogen compounds were
estimated.
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1.4.3. Hydrodeoxygenation (HDO)
An extensive literature exists on hydrodesulfurization
(HDS), a lesser amount on hydrodenitrogenation (HDN), but
relatively little attention has been paid to how oxygen
species may affect HDS, HDN, or the nature of the reaction
networks of hydrodeoxygenation. Furimsky (1978, 1979) studied
the hydrodeoxygenation of a heavy hydrocracked gas oil from
hydrocracking of Athabasca bitumen, Qader et al. (1968) of a
low temperature coal, Sullivan et al. (1978) of shale oils.
Badilla-Ohlbaum et al. (1979,a,b) and Rollmann (1977) studied
the simultaneous HDS, HDN, and HDO reactions occurring in a
mixture of several model compounds. In both cases dibenzo-
furan was used to represent the oxygen compound in the model
feedstock. Rollmann further determined the reactivity of
several other phenol and furan derivatives by substituting
them one at a time for dibenzofuran in the model mixture.
Recently Krishnamurthy et al. (1981) did a detailed kinetic
study on the HDO of dibenzofuran. Weisser and Landa (1973)
reviewed the earlier literature on hydrogenation of alcohols,
ketones, aldehydes, and phenols over sulfide catalysts.
In hydrodeoxygenation of phenol over a MoS2 catalyst
(Weisser and Landa, 1973), hydrogenation of the phenoic ben-
zene ring is far more dominant than hydrogenolysis of the
phenolic hydroxyl group at high pressures (about 10 MPa) and
the dehydration of cyclohexyl alcohol is by far the most rapid
-34-
reaction under severe reaction conditions. Rollmann (1977)
proposed similar routes for the alkylphenols which he studied
on sulfided CoMo/A1203.
1.5. Reaction Kinetics
Most of the kinetic studies on HDN have employed a pseudo
first order kinetic model and reported a decrease of the first
order rate constant with increased initial nitrogen concentra-
tion (Cox and Berg, 1962; Flinn et al., 1963; Sonnemans et
al., 1973; Shih et al., 1977). Such behavior suggested that
the adsorption of nitrogen compound on the catalyst surface
inhibits the reaction rate and can be interpreted in terms of
a Langmuir-Hinshelwood kinetic model.
Several forms of Langmuir-Hinshelwood rate expressions
have been used in modelling pyridine HDN. McIlvried (1971)
fit his kinetic data by taking ammonia as the only strongly
adsorbed compound on a sulfided NiCoMo/A1203.
Goudriaan (1974) found that pyridine HDN on a sulfided
CoMo/A1203 is best modelled by the following equation
1 + KNPN
where Ppyridine is the partial pressure of pyridine, PN is the
sum of partial pressures of all nitrogen compounds, and KN is
the effective averaged adsorption constant for pyridine and
-35-
its reaction products.
Indeed, there is evidence that the strength of adsorption
of nitrogen compounds may vary significantly. In a study of
shale oil HDN, Koros et al., (1967) found that the indole type
compounds are less reactive than quinoline-type, but that
indole is more reactive than quinoline when studied individu-
ally. This can be explained by competitative adsorption
between quinoline and indole; the more basic quinoline is pre-
ferentially adsorbed and reacted.
Satterfield and coworkers (1981) used the Langmuir-
Hinshelwood rate expression to model each individual step in
the quinoline HDN reaction network for their vapor phase study
on sulfieded NiMo/A1 2 03. The adsorption of all the nitrogen
compounds in the network, including reactant quinoline, final
product ammonia, and reactin intermediates, were included in
the Langmuir-Hinshelwood expressions. Assumptions were made
to simplify the modelling. The secondary amines Py-
tetrahydroquinoline and decahydroquinoline are assumed to
adsorb equally strongly. Equal adsorptivities of the aromatic
amines are assumed for quinoline, Bz-tetrahydroquinoline and
o-propylaniline.
1.6. Catalyst
-36-
1.6.1. Composition
The catalyst typically consists of CoMo, NiMo or NiW sup-
ported on Y-alumina, in which MoO3 or W03 is the main consti-
tuent, and CoO or NiO serves as the promotor. CoMo/A12 03
catalyst is normally used for HDS reactions while NiMo/A1203
are more active for HDN reaction (Ahuja et al., 1970; Shih et
al., 1978) because nickel has higher hydrogenation activity.
The industrial hydrotreating catalysts contain 3 to 5 wt%
CoO or NiO, 12 to 15 wt% MoO3, and very small amount of minor
promotors or impurities such as silicate, phosphate, sulfate,
and sodium. The weight percent of WO3 in commercial hydro-
treating catalyst is higher than that of MoO3 for tungsten has
a greater atomic weight than molybdenum, 232 versus 144. As
shown in Table I-5, the major chemical compositions of commer-
cial hydrotreating catalysts do not vary much. Many research-
ers have related the relative amount of promoter (Ni or Co)
and main metal (Mo or W) to the catalyst activity. One typi-
cal study by Ahuja et al., (1970) is shown in Fig. I-1, in
which HDS activity goes through a maximum value as the amount
of promotor on the catalyst increases. Indeed most of the
commercial hydrotreating catalyst have the atomic ratio of
Co/Co+Mo (or Ni/Ni+Mo, or Ni/Ni+W) in a range of 0.3 to 0.5 as
shown in Table I-5.
The physical properties of commercial hydrotreating
catalysts such as surface area and pore size distribution may
-37-
0
coLn Ln
r 00U) 
I I
LA
o en
N (N
0O r4 4O
0
'IO
0
U)
o 
d' '
CN 0u
0
o CO
-' Co
LA
-4 0
.H ,s*Ho
Ln
0
003
O 4
O 1 C
rc ro
dP :3
i o
m(0 N 0 0
i, a) 'H (Nq.4 O O(D O3
o
Nr
+d 
-o
o
c
- 0c;
o
-
N
0
O
0
.14
Cd
4C)
0
4J
u
.15
0
Ln 
CN
0
mO
1--
(N
In
O
o~
o0
3
,-4
Z
O30
N
-i
0
:
-
0
u
\o
Cr)1-4
m
(N
Oz
rC)Z
3
Q ln _CdQ
od-
rrj Id nCd O
1-
4
C3 U 
C
~LA
1-4
cc N
co r(4 '1--
Ln
,r
0
U)
.3
1-4
4.,Cd
U
4-)
Cd
ao
0
O
4
Cdro
'4-
a)
a)0
-404rr]
E-
·rA
(1
.
LA
cN
1--
0
540
00
a 0
4Z
C4E-4Z
_ _
0Q
.. . -,CdHg.H ·rrd d
_ _V _
0
14
0
0
0u
.o9
-4
r,
0
U
I
-38-
-
-
I-
I= 
0 0.25 0.5 0,75
PROMOTER/(PROMOTER+METAL),
ATOMIC RATIO
Figure 1-1: The effect of Promotor on HDS Activity.
Promotor: Co or Ni, Metal: Mo or W
(Ahuja et al., 1970)
1
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vary significantly. Katzer and Sivasubramanian (1979) have
reviewed the effect of physical properties of the support on
catalytic hydrodenitrogenation. The commercial hydrotreating
catalyst may differ from each other greatly in the minor pro-
motor added.
1.6.2. Structure
Much research has been carried out on the structure of
hydrotreating catalysts, particularly of CoMo/A1203. Tech-
niques such as x-ray photoelectron spectroscopy (XPS), x-ray
diffraction (XRD), electron spin resonance (ESR), infrared
spectroscopy (IR), edge x-ray absorption fine structure
(EXAFS) have been used to study the structure of molybdenum
and cobalt on the catalyst surface, the role of promoter
cobalt to the catalyst, and the interaction of cobalt and
molybdenum with alumina support. Recently the subjects have
been reviewed by Grange (1980), Furimsky (1980), Ratnasamy and
Sivasanker (1980), and Massoth (1978).
The sulfide form of hydrotreating catalyst may have quite
a different surface structure from its oxide precusor, and it
is also much more active than the oxide precusor for the HDS,
HDN and HDO reactions. In the industrial operation, the
catalyst is converted to sulfide form in situ either by a flow
of H2S-H2 or by a feedstock containing sulfur compounds.
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Here only the structure of sulfide catalyst is briefly
reviewed. When a commercial HDS catalyst, typically consist-
ing of CoO in the range of 3-5% and MoO3 in the range of 12-
15%, is sulfided, the major part of the molybdenum is con-
verted to MoS2 and CoO is transformed to Co and Co8S9 (Patter-
son et al., 1976; Declerck-Grimee et al., 1978; Brinen and
Armstrong, 1978). Smaller amounts of oxysulfides, polymeric
sulfur, and Mo(V) and Mo(VI) may also be present. It has been
demonstrated that MoS2 exists in a two dimensional form on an
alumina support (Brinen and Armstrong, 1978; Pollack et al.,
1979). The interaction of MoS2 with support is weaker than
that of MoO3 with support.
1.6.3. S/Mo Ratio and HDS Activity
Most of the studies to relate the structure of a catalyst
to catalytic activity were done on the thiophene HDS reaction
over a Mo/A1203 catalyst. Mossoth and Kibby (1977) and
Okamoto et al., (1980a, 1980b) studied the relationship
between the HDS activity and the degree of sulfidation of
Mo/A1203. Okamoto et al. demonstrated that the HDS activity
depended! simply on the degree of sulfidation of molybdenum
determined by XPS, for the catalysts in oxide form, reduced
form or presulfided form, as shown in Fig. I-2(a). The max-
imum HDS activity was obtained when the atomic ratio of S/Mo
is about 1. They also found a similar relationship between
the amount of pyridine adsorbed on catalyst and the degree of
-41-
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Figure 1-2: (a) The Correlation between S/Mo Ratio and HDS
Activity, (b) the correlation between S/Mo
Ratio and Pyridine Adsorbed (Okamoto et al.,
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sulfidation of molybdenum, as shown in Fig. I-2(b). It was
concluded that a partially sulfided Mo/A1203 catalyst, at a
ratio S/Mo of 1, has a greater capacity for pyridine adsorp-
tion and a greater activity for HDS reaction.
I.6.4. Catalyst Sites
The catalytic sites on hydrotreating catalyst have been
suggested from various surface investigation and kinetic
results.
ESR studies of sulfided Mo/A1203 and NoMo/A1203 suggested
the existence of surface vacancies on these catalysts (konings
et al., 1978, 1981). Voorhoeve (1971) related benzene
hydrogenation and the ESR intensities of W+ 3 ions in a series
of sulfided NiW/A1203, as shown in Fig. I-3. The good corre-
lation suggested that hydrogenation reaction occurs on surface
anion vacancies which are formed by the loss of sulfur from
WS2 structure. Lipsch and Schuit (1969) proposed a mechanism
for thiophene hydrodesulfurization on the oxide form of
CoMo/A1203 through the interaction of thiophene with surface
vacancy. Tanaka and Okuhara (1977) suggested a correlation
between the coordination on the surface and the hydrogenation
and isomerization of olefins. It is often assumed that hydro-
gen and the heteroatom compounds adsorb on different catalyst
sites. On sulfide catalysts, hydrogen is believed to adsorbed
dissociatively on sulfur atoms, forming hydrosulfide groups
-43-
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(Weisser and Landa, 1973, p.78; Massoth, 1975). The active
catalyst sites are most likely associated with defects in the
metal sulfides.
Owens and Amberg (1961) observed that H2S inhibited
hydrogenation of butene and thiophene hydrogenolysis, and that
H2S had very little effect on cis-trans isomerization, double
bond shifts, and butadiene conversion to butene. The results
suggested that more than one kind of sites is involved in
hydrodesulfurizaition.
Desikan and Amberg (1964) studied the poisoning effect of
pyridine on thiophene hydrodesulfurization, and suggested two
kinds of catalytic sites on CoMo/A1203. Site I is responsible
for olefin hydrogenation and thiophene HDS, and has strong
affinity for thiophene and pyridine; site II is weak electro-
philic and facilitates hydrogenolysis of hydrothiophenes.
From the adsorption study, Lipsch and Schuit (1969) con-
cluded that pyridine is adsorbed on two types of sites on
CoMo/A12 03, and suggested that one type is related to molybde-
num and has hydrogenation and hydrodesulfurization activity
while the other type is associated with support and does not
have catalytic function. However the study was done on the
oxide form of CoMo/A1203.
Later Satterfield et al. (1975) also proposed two cata-
lytic sites on CoMo/A1203 in their work of simultaneous
HDS/HDN reactions. Site I is active for HDS reaction and
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sensitive to nitrogen base; site II is much less active for
HDS, and less susceptible to pyridine poisoning.
1.7. Trickle Bed Reactor
Trickle bed reactors have been developed by the petroleum
industry for hydrodesulfurization, hydrocracking, and hydro-
treating of various petroleum fractions of relatively high
boiling point. A trickle bed reactor can offer several advan-
tages. In comparison to slurry reactors, it approaches plug-
flow behavior and the low ratio of liquid to catalyst in the
reactor minimizes the extent of homogeneous reaction. In com-
parison to vapor-phase operation of a fixed bed, it provides
significant energy savings.
I.7.1. Hydrodynamics
For cocurrent gas-liquid downflow over a packed bed,
various flow regimes such as trickle-flow, pulsed flow, spray
flow, and bubble flow may occur. The hydrodynamics of a
trickle bed reactor depend on the following factors:
(1) Gas and liquid flow rates,
(2) Size and shape of the catalyst particles,
(3) Fluid and catalyst wetting characteristics,
(4) Fluid properties such as viscosity, density, and surface
tension,
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(5) Liquid distributor.
At sufficiently low liquid and gas flow rates, the flow
pattern is in the trickle-flow regime, in which the liquid
trickles over the packing in a laminar film or in rivulets,
and the gas flows continuously through the voids of the bed.
As gas and/or liquid flow rates are increased, one encounters
pulsing flow, in which gas-rich and liquid-rich slugs pass
through the catalyst more or less alternately. Most commer-
cial operations are carried out in the trickle-flow or pulsed
flow regime.
The hydrodynamics of trickle bed reactors have been
extensively studied but are quite complicated. Pressure drop,
hold-ups and residence time distribution have been measured by
many authors. The subject is reviewed by Satterfield (1975)
and discussed in the book by Shah (1979).
1.7.2. Effective Catalyst Wetting
The effectiveness of catalyst wetting depends on many
factors. In commercial operation nearly complete wetting is
reached when the liquid flow rate is increased to a value in
the range of about 1 to 5 kg/m2s. In laboratory-scale trickle
bed reactors the liquid flow rates are much lower than this.
It has been observed that in some cases the reaction rate in
the large pilot plant is about twice of that in a laboratory
unit (Weekman, 1976). Many studies on laboratory-scale
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trickle bed reactors have been suspect because the low liquid
flow rate can give rise to serious flow channeling and hence
to inefficient use of the catalyst.
1.7.3. Catalyst Dilution in a Laboratory-Scale Trickle Bed
Reactor
For kinetic studies, essentially a plug flow is desired
for the liquid phase in a trickle bed reactor.
Catalyst dilution techniques developed by Akzo Chemie (de
Bruijn, 1977) and Shell Laboratorium (van Klinken and van
Dongen, 1980) make it possible now to obtain meaningful data
at very low liquid flow rates in a trickle bed reactor. The
technique consists essentially of careful packing of the
catalyst bed with finely divided inert material and choosing
the proper sizes of catalyst particles and inert particles.
Van Klinken and van Dongen measured the residence time
distribution of the liquid flow in a trickle bed reactor by
radioactive tracer. They found that the residence time is
increased, and thus the liquid hold-up is increased, if the
catalyst bed (particle size 1.5 mm) is diluted with fine inert
particles of 0.2 mm diameter, as shown in Fig. I-4. From the
test of hydrodenitrogenation of a vacuum distillate under
industrial conditions, it was concluded that the dilution of
the catalyst bed substantially reduces axial dispersion of the
reactor to the extent that liquid plug flow can be assumed.
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The much higher liquid hold-up in the diluted beds leads to
improved wetting and utilization of the catalyst particles.
1.8. Thesis Objectives
The ultimate goal is to have a fundamental understanding
of the HDS, HDN, and HDO reactions as well as of the hydro-
treating catalysts, with a view to improve the catalysts and
processes for future utilization of the synthetic fuels. This
thesis focusses on the following five subjects.
I.8.1. Design a Laboratory-Scale Trickle Bed Reactor
The conditions of hydrotreating utilized in industrial
practice are (1) steady-state operation, (2) two-phase flow in
a trickle bed reactor, (3) 350-4500 C and (4) 6.9-13.8 Mpa.
The majority of the laboratory experiments obtained to date
have used a vapor-phase or a liquid phase flow reactor at
steady state, or a liquid phase, batch autoclave reactor.
Each of these systems has potential pitfalls when extrapolat-
ing results to industrial conditions.
The vapor-phase, flow reactor has two major difficulties:
(i) If high molecular weight compounds are formed as inter-
mediates in HDN, they will tend to build up on the catalyst in
a vapor-phase reactor, whereas they may more readily desorb by
dissolution into the liquid phase in a trickle-bed reactor.
(ii) Furthermore, the activity of the nitrogen compounds may
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be different in the vapor and liquid phase because the pres-
ence of a liquid solvent may modify the activity of the
solutes.
The liquid phase flow reactor has a limited source of
hydrogen which is presaturated in the liquid prior to the
reaction. The concentration of reactant is restricted by the
limited amount of hydrogen presaturated in the liquid if the
reaction is carried under a condition having hydrogen
stoichiometrically in excess. For example, the concentration
of quinoline cannot be higher than 1 wt% corresponding to a
value less than 0.1 wt% of nitrogen, which is lower than the
typical nitrogen content in synthetical fuels and heavy resi-
dua. For a study of a mixture of model compounds, even lower
concentrations have to be used.
The liquid phase batch autoclave reactor does not have
these problems, but it has others which may be more limiting
in extrapolating results. It has been shown that the rate of
HDN and HDS varies with time when reactor is started. This
initial transient phenomenon is due to changes in the
catalyst. Such transients in the liquid batch system imply
that the kinetics observed does not reflect the steady-state
kinetics. Moreover, the high ratio of liquid to solid in an
autoclave may magnify homogeneous thermal processes which
would not be significant in a trickle-bed reactor.
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Based on the dilution technique developed by van Dongen
and van Klinken a laboratory trickle bed reactor was built,
and tested to ensure a homogeneous liquid distribution over
the catalyst bed. Essentially a liquid plug flow is assumed
for the kinetic study of quinoline HDN.
1.8.2. Quinoline HDN in a Trickle Bed Reactor
The catalytic hydrodenitrogenation of quinoline has been
studied in a vapor phase flow reactor (Satterfield and Coc-
chetto, 1981). In this thesis quinoline HDN in liquid phase
is investigated in great detail in a trickle bed reactor under
the conditions used in industrial practice. A complete quini-
line HDN reaction network were studied, including the ring
isomerization of a hydrocarbon product and the formation of
heavy molecular weight compounds. A model is developed to
understand each reaction step in the reaction network kineti-
cally.
The reaction network of quinoline HDN in the liquid phase
is compared with that of in the vapor phase, under the same
temperature, pressure and catalyst. The detailed kinetic stu-
dies provides a basis for characterizing similarities and
differences between the same reaction as carried out in the
vapor phase and liquid phase. The HDN reactions of alkylani-
lines are also studied to investigate the effect of homologue
and steric hindrance on hydrodenitrogenation.
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1.8.3. The Effect of H2S on Quinoline HDN and Selectivity
of NiMo/A1203 Catalyst
In previous vapor phase studies, it was shown that the
rate of catalytic hydrodenitrogenation of quinoline is
increased in the presence of H2S, and reaches a plateau when
H2S appears in an equimolar amount as quinoline (Satterfield
and GUltekin, 1981). In their kinetic analysis, by using
equimolar quantities of H2S and quinoline in the vapor phase
it is found that H2S slightly inhibits hydrogenation while
significantly enhancing hydrogenolysis in quinoline HDN.
In the present work the effect of H2S on quinoline HDN in
the liquid phase is explored. Various concentrations of CS2
are added to feed in the kinetic study in order to understand
how H2S affects the selectivity between hydrogenation and
hydrogenolysis the quinoline reaction network, and to investi-
gate whether beyond certain concentration, H2S exerts no
further influences on such reaction. The nature of catalyst
sites is proposed to explain the changes in selectivity due to
the presence of H2S under reaction conditions.
1.8.4. Simultaneous HDO and HDN of Model Compounds
Upon reacting the heteroatoms in hydroprocessing, hydro-
gen sulfide, ammonia and water are ultimately formed. The
effect of water vapor on sulfide catalysts is not yet clear.
Lipsch and Schuit(1969)reported a poisoning effect of water on
the oxide form of cobalt molybdena catalyst. Satterfield and
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Carter (1981) found that 13.3 kPa of water in a hydrogen pres-
sure of 6.9 Mpa exerted little influence on quinoline HDN in
the vapor phase over a sulfided nickel molybdena catalyst, but
with no hydrogen sulfide added to the feed. In a brief study
with a sulfided CoMo/A1203 catalyst at 3000 C and 7.3 Mpa and
in the presence of 200 kPa of H2S Goudriaan (1974) reported
that the concentration of water vapor had no effect on the
conversion of pyridine but enhanced the hydrogenolysis of the
intermediate piperidine, for an overall increase in HDN; but
the effect occurred chiefly at water partial pressures above
100 kPa.
The purpose of this work was four-fold:
(1) to study the hydrodeoxygenation of several phenol furan,
and ether types of oxygen molecules.
(2) to study the mutual interactions between HDO and HDN,
which has not been reported on previously.
(3) to explore the effect of water and oxygen compounds on
the hydrogenolysis and hydrogenation activities of a sul-
fide catalyst.
(4) to compare the reactivities of representative nitrogen
and oxygen heterocyclic compounds.
1.8.5. Catalyst Structure and Catalytic Activity
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1.8.5.1. Effects of Presulfiding on HDN Activity
It is well known in a general way that the method of
presulfiding a hydrotreating catalyst such as NiMo/A1203 may
have a marked effect on its subsequent activity and commercial
catalyst manufacturers prescribe one or more presulfiding pro-
cedures for the catalysts they supply that can be readily used
on their customer's premises. A deeper understanding of the
relationships between presulfiding procedures and catalyst
activity is complicated for a variety of reasons: there
include the complex nature of sulfided molybdenum catalysts,
and the fact that catalyst composition can be affected by pro-
cessing conditions and feedstock composition, which in turn
can affect the intrinsic catalyst activity. In the thesis,
these subjects are explored for a hydrotreating catalyst
NiMo/A1203. the optimal presulfiding conditions are discussed
for hydrodenitrogenation as well as for hydrodesulfurization.
1.8.5.2. Effect of H2S on HDN, HDS, and HDO
Hydrogenitrogenation and hydrodesulfurization have been
studied by many researchers. There are contradictory results
reported in the literature. The last objective is to ration-
alize those results based on the understanding gained in the
thesis.
It is known that hydrogen sulfide can depress the HDS
reactions of thiophene (Satterfield and Roberts, 1968; Lee and
-55-
Butt, 1977), and of dibenzothiophene (Broderick and Gates,
1981). It also depresses the hydrogenation of 1-butene (Lee
and Butt, 1977). However it enhances the HDN reactions of
pyridine (Satterfield et al., 1975; Goudriaan, 1974), and of
quinoline (Satterfield and Gultelin, 1981), and the HDO reac-
tion of dibenzofuran (Krishnamurthy et al., 1981). Ramachan-
dran and Massoth (1981) report that H2S enhances the cracking
of hexene, but had no effect on hydrogenation of hexene. In
the HDS of thiophene, both the hydrogenolysis and hydrogena-
tion reactions in the overall reaction network are hindered by
H2S; while in HDS reaction of dibenzothiophene, H2S depresses
hydrogenolysis and leaves hydrogenation intact. In quinoline
HDN, the hydrogenolysis reactions are markedly enhanced and
hydrogenation reactions somewhat inhibited by H2S. It would
seem that the catalytic sites facilitating C-S bond breaking
in HDS are not the same sites as those for C-N bond breaking
in HDN, and that the catalytic sites facilitating hydrogena-
tion in HDS are not the same sites in HDN. Yet competitive
adsorption, for example that observed between thiophene and
pyridine (Satterfield, et al., 1975), hints that at least to
some extent the same catalytic sites are involved in HDS and
HDN reactions.
The Effect of H2S on the kinetics of HDN, HDS, HDO and
hydrogenation reactions on molybdenum catalyst can be
explained in terms of its effect on two kinds of sites; sulfur
anion vacancies and Bransted acids. Such understanding sheds
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light on the design of hydrotreating catalysts according to
each specific reaction.
CHAPTER II
Experimental
The hydrodenitrogenation and hydrodeoxygenation reactions
were carried out in a trickle bed reactor employing a sulfided
NiMo/A1203 catalyst. The reaction temperatures ranged from
3500 C to 3900 C and pressures from 3.5 MPa (500 psi) to 13.8
MPa (2000 psi). The detailed reaction conditions are speci-
fied in Chapter III, IV, V and VI, where the related results
are presented.
II.1. Experimental Apparatus
The overall process flow sheet is shown in Fig. II-1.
The system can be divided into following sections: gas feed
control, liquid feed system, trickle bed reactor, gas liquid
separation and sampling, automatic safety design, and clean up
system.
II.1.1. Gas Feed Control
Reactant hydrogen is supplied through a manifold (Mathe-
son) which connects three high pressure hydrogen cylinders
(3500 psi, 322 ft3). A cylinder of helium gas is also con-
nected to the manifold for flushing out the system. A single
stage regulator (Matheson high pressure 4-350) is installed at
the manifold to control the hydrogen pressure.
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Hydrogen gas is then passed through a bed of palladium
catalyst (Engelhard Deoxo D-10-2500) to convert any possible
trace amount of oxygen in hydrogen stream to water, which is
then adsorbed in a drying column packed with type 13X molecu-
lar sieves (Davidson). A 7 micron (Nupro, SS-4TF) filter
removes any possible particles present from hydrogen gas, to
protect the delicate components such as mass flow meter and
pressure gauge downstream.
The thermal mass flow meter (Brooks #5810) is used to
monitor the stability of the hydrogen feed to insure that gas
pulsation does not occur, and also to measure the flow rate.
The gas flow rate through the reactor can also be determined
by three soap-film flowmeters (100, 500, 1000 ml) at the end
vent, the gas being measured after it has been reduced to
atmospheric pressure.
The hydrogen pressure is measured by an accurate pressure
gauge (Matheson test gauge 63-5633). A check valve is
installed to prevent back flow from the reactor that might
contaminate the hydrogen feed line. The hydrogen flow rate is
controlled by a metering valve (Hoke, 2311 F2B) located
upstream before the deoxo unit and also by the dome pressure
of a back pressure regulator (Grove, Mity Mite S-9lXW) located
at the exit of the reactor. The dome pressure of back pres-
sure regular can be finely adjusted by the two metering valves
(Hoke, 2311 F2B) at the inlet and outlet of the dome.
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The tubing for the gas line has a 0.25" outer diameter
and .035" wall thickness. 316 stainless steel has been
selected for all the tubings, fittings and valves. The gas
feed line is designed to have the capacity for a maximum of 5
liter/min flow rate and 17.25 MPa (2500 psi) pressure.
An auxiliary feed system supplies a mixture of 10 %
hydrogen sulfide in hydrogen to reactor to sulfide the
catalyst periodically. The hydrogen sulfide gas is regulated
through a corrosion resistant regulator (Matheson 14M-330). A
relief valve is installed at the exit of the regulator to vent
gas in the event of an overpressure situation. The gas is
then passed through a column of molecular sieve 3A to adsorb
possible trace amount of water.
Hydrogen sulfide is corrosive to copper, nylon, vitonA,
rubber (Schweitzer, 1976). Therefore 316 stainless steel and
Teflon are the materials selected to construct parts exposed
to hydrogen sulfide.
II.1.2. Liquid Feed System
The liquid reactant mixture typically consists of a
paraffinic liquid carrier and a model compound. The liquid is
fed to the reactor by a high pressure liquid pump (Milton Roy,
ConstaMetric III). The flow rate can be continuously adju-
stable in the range of .01 to 9.99 ml/min with a stability of
+.3% per hour. The wetted parts are chemically resistant and
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the maximum working pressure is 41.4 MPa (6000 psi). Four
liquid reservoirs are connected to the pump through a fourway
ball valve (Whitey) which allows a quick change of feed.
In the plumbing, the dead volume in the liquid feed line
was minimized, and most of the tubing used was 1/16" in out-
side diameter. Since most of nitrogen compounds studied are
corrosive, again all material used in this section was stain-
less steel or Teflon. The liquid feed system can be purged
with helium gas and flushed with solvent or liquid feed
through two sets of shut-off valves, thus avoiding possible
contamination of the catalyst bed. The metering valve located
at the end of one purge system can provide a high pressure
drop in the liquid line; such an arrangement allows for easy
calibration of the pump under reaction pressure, but keeps the
liquid from the catalyst bed during calibration. The liquid
reservoir is free from air by purging with inert for a while
before use, and is maintained under a slightly positive pres-
sure with inert gas during use. Special care has been taken
to eliminate any possible contamination and disturbance to the
catalyst in the reactor.
II.1.3. Trickle Bed Reactor
In the trickle bed reactor, the liquid phase flows down-
ward through a catalyst bed with cocurrent flow of the gas
phase. Essentially an isothermal plug flow is desired, and
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will be discussed in the section of reactor design.
The reactor has an inside diameter of 0.52 cm (0.20") and
a total height of 81 cm (32"). The top section was packed
with inert material, which provides preheat of the feed and
equilibrium to be established between gas and liquid. The
bottom 4" of the reactor was also packed with inert material
to eliminate any possible exit effect on the flow pattern in
the reactor. The catalyst bed had a depth of up to 51 cm
(20"), and was packed with catalyst particles in sizes from
0.13 to 0.36 mm (70/200 mesh). The bed is diluted with inert
silicon carbide powder in a size of 0.17 mm (150 mesh). Two
quantities of catalyst were used in this study, 0.8 gram of
catalyst diluted in a 1:9 volume ratio of catalyst/inert, and
1.6 gram of catalyst diluted in a 1:4 ratio with inert.
To ensure a good liquid distribution in the reactor, the
liquid feed line, with 1/8" outside diameter, is brought to
the reactor just on top of the reactor bed, as shown in Fig.
II-2. The reactor tubing is made of 304 type stainless steel
and has been treated by an alonizing process (Alon Processing
Inc.) that diffused aluminum into its inner wall in a thin
film (a few mils) to avoid the possible interference of stain-
less steel with the catalytic reactions studied.
The reaction temperature is maintained isothermal by
immersing the reactor in a fluidized sand bath heater (Techne)
containing a bed of fine aluminum oxide. The fluidized sand
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bath has a 32" working depth and 6" diameter, and can be
heated up to 4500C. The fluidized sand bath heater provides
very good heat transfer. Both gas and liquid feed have
preheaters in coil forms immersed in the fluidized sand bath,
30 feet for the former, 15 feet for the latter.
The reactor temperature is measured by J-type thermocou-
ples and a digital thermometer (Omega, 2160A). A high pres-
sure thermocouple, consisting of a 1/8" probe (Omega), is
inserted at the top of the reactor just above the catalyst
bed, as shown in Fig. II-2. Three thermocouples are placed at
the top, middle and bottom of the reactor and outside the
reactor wall. Temperatures measured at the four locations
usually differ from each other by about 1°C.
The reactor is designed to be operable under conditions
as severe as a pressure of 13.8 MPa (2000 psi), temperature
450C, and in the presence of hydrogen, ammonia and hydrogen
sulfide (Fletcher and Elsea, 1964; Harper, 1968; Process
Industries Corrosion, 1975). The wall thickness of the reac-
tor is 0.080"; all the fittings in the heated zone are high
pressure cone and threaded type (Autoclave Engineering).
II.1.4. Gas Liquid Separation and Sampling
The exit stream from the reactor is first cooled down to
room temperature, then passed through a 7 micron filter and a
back pressure regulator which reduces the system pressure to
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about 0.78 MPa (100 psig). The filter protects the back pres-
sure regulator from any fine particles possibly carried over
from catalyst bed. The mixture of gas and liquid is then
introduced to a gas-liquid phase separator. The liquid phase
is sampled through a sampling valve (Valco, 4-CV-6-HPax) and
collected in a small vial for later analysis. The bulk of the
liquid is collected in a 4 liter erlenmeyer flask.
The gas leaving the phase separator is sent to a column
packed with bulk stainless steel mesh to remove the entrained
liquid mist. The gas stream is sampled through a inter-
connected gas sampling valve (Valco, 4-V-6-HTa) and analyzed
by a gas chromatograph on line. The two metering valves (Whi-
tey SS-31R54) at two sides of sampling valve provide precise
control to maintain the pressure in the sampling valve; this
pressure is measured with a precision gauge (Matheson, 63-
5681). A relief valve protects the gas sampling valve from
any pressure surge that may occur.
Attention was paid to the path of liquid flow in the sys-
tem to minimize dead volumes. The back pressure regulator and
the gas-liquid separators were physically arranged to ensure
immediate liquid sampling.
II.1.5. Automatic Safety Design
An automatic shut down system was designed to be
activated by pressure switches (United Electric Controls, J6-
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612) set to a narrow range around the working pressure. If
the pressure increases unintentionally or decreases due to
rupture, the system will automatically open a solenoid valve
(Atkomatic, Mango 500) which in turn will shut off an air-
operated valve (Autoclave Engineering, 10V-4071-OM) in the
hydrogen feed line. The system will also turn off the high
pressure liquid pump, and sound an alarm. The circuitry of
the automatic shutdown system is shown in Fig. II-3.
The system is designed to have a maximum working pressure
of 17.25 MPa (2500 psi), which allows some safety factor for
operation at a maximum pressure of 13.8 MPa (2000 psi). The
whole system except the gas cylinders was constructed beyond a
barricade.
II.1.6. Clean Up System
Hydrogen is highly flammable and hydrogen sulfide is
highly toxic. Some of the N-containing organic compounds used
in this study are also toxic (Sax, 1968; Steere, 1971;
Fairhall, 1969; and Deichmann and Gerard, 1969). Therefore
careful experimentation is required to insure that no health
or safety hazards will be encountered. The reactor exit gas
after sampling is passed through a aqueous sodium hydroxide
solution to scrub the hydrogen sulfide and ammonia, then is
vented through a soap-film flow meter to a specially-
constructed exhaust hood.
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The reaction exit liquid containing the above toxic
material was pumped from the liquid collector in the barricade
to glass bottles and the contents were destroyed by the Campus
Safety Office. All chemical-handling operations were carried
out in well ventilated hood.
II.2. Experimental Procedure
II.2.1. Start Up Trickle Bed Operation
A run is started by heating the reactor to the desired
temperature under a helium flow. The liquid reservoir has to
be purged with argon to drive away dissolved oxygen before it
is connected to the high pressure pump. The shut-off valve at
the inlet of the liquid preheater remains closed while the
early section of the liquid feed line is purged with helium
flow and flushed with liquid feed to ensure that clean liquid
feed is ready for reaction. Any air left in the system will
damage the catalyst activity under reaction conditions.
The catalyst bed should be flooded with liquid feed
before trickle bed operation starts, in order to obtain a com-
plete wetting on the catalyst surface and therefore avoid the
possible channeling problem in the bed. As the reactor
approaches operating temperature, the helium flow is shut off
and liquid feed is introduced to the reactor at a flow rate of
1.5 ml/min. Usually it takes about 9 minutes for the first
drop to appear in the liquid collector. Immediately after
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flooding, the liquid flow rate is reduced to 0.20 ml/min and
the reactor is pressurized gradually by allowing hydrogen flow
into the reactor as well as the dome of the back pressure
regulator. Once the reaction pressure is achieved, the
catalyst bed is first flushed with liquid feed at a flow rate
of 1.5 ml/min for half an hour to remove products resulting
from thermocracking during the period of flooding.
The desired liquid flow rate is set by the high pressure
pump which has been calibrated before the run. The exact
hydrogen flow rate is obtained by adjusting the metering valve
upstream on the gas line and the dome pressure of the back
pressure regulator, which is controlled by two metering valves
at its inlet and outlet.
11.2.2. Sampling
At an early stage of the experiment, several samples were
taken for each flow rate at different intervals to ensure that
the reaction reaches its steady state. For example, at a
liquid flow rate of 0.2 ml/min, at least 60 ml of liquid feed
had to be pumped through the catalyst bed to obtain a sample
uncontaminated by the previous reaction. At a high flow rate
of 2.72 ml/min, a period of at least 20 minutes was necessary
for the reaction to reach steady state.
In order to obtain a completely reliable sample, the
liquid sampling valve had to be flushed at least three times
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before collecting a fresh sample.
II.2.3. Shutdown Procedures
After each ten to fifteen hour run, the reactor was
cooled to 3500 C as pressure was relieved. The reactor was
flushed with a 50/50 mixture of liquid carrier and xylene for
half an hour under 1.46 MPa (200 psig) of hydrogen. Then the
entire liquid line was purged under helium gas for 10 minutes.
The purge removed xylene and liquid carrier from the liquid
preheater and thus eliminated their presence in the catalyst
bed during the subsequent catalyst resulfidation. The shut
off valve to the liquid preheater was then closed, and the
catalyst was resulfided with the H2S/H2 mixture at 40
ml(STP)/min, 0.24 MPa (20 psig) and 3500 C for one hour and
then cooled down to 1500C. When the temperature reached
1500C, the catalyst bed was further cooled down to room tem-
perature under helium purge.
II.3. Liquid Carrier
11.3.1. Search for a Suitable Carrier Liquid
In HDN and HDO studies, model N- and 0- compounds are
dissolved in an inert liquid carrier with concentrations rang-
ing from 7.7x10-5 to 3.8x10-4 mol/g liquid. The most avail-
able and inexpensive carrier liquid is a white oil, for exam-
ple, Nujol or Penreco 77, but these contain hundreds of
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different molecules of paraffins, cyclic hydrocarbons and
aromatics. In a typical HDN study, the product consists of
less than 1% of various N-compounds and hydrocarbons. The use
of white oil would make the gas chromatographic analysis with
conventional detectors extremely difficult. The use of a
nitrogen specific detector would greatly limit the usefulness
of the results since the nature and distribution of hydrocar-
bon products could not be determined. An ideal liquid carrier
would be a single component such as n-hexadecane (paraffins
heavier than n-hexadecane are solids at room temperature), but
a pure n-hexadecane (98%, Aldrich) costs about $40/liter. A
typical liquid flow rate in our trickle bed reactor is around
50 ml/hr, consequently purchase of pure n-hexadecane is
economically not feasible.
The alternative approach, finally chosen, was to make the
carrier liquid in our laboratory by hydrogenation of a cheap
available -olefin which costs about $0.40/liter and is avail-
able at our desired molecular weight. Two sources of &-
olefin, from Gulf and Ethyl Corp. were compared by gas chroma-
tographic analysis. It appears that the d-hexadecene from
Gulf (Gulftene 16) contains less components and is therefore
more suitable.
II.3.2. Hydrogenation of d-Hexadecene
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The hydrogenation reaction has been carried out in a CSTR
reactor at a pressure of 100 psig and room temperature, as
shown in Fig. II-4. The process is designed to fulfill the
following two features:
(1) The requirement of little attention. This makes the mass
production of carrier liquid convenient. A relief valve
and check valve system are installed to ensure that
operation can proceed safely unattended, as overnight.
(2) Avoidance of oxygen in the carrier liquid. Dissolved
oxygen in the carrier liquid may poison the sulfided HDS
catalysts, and therefore the system is designed to avoid
contamination by air.
An amount of 20 gram of 1% palladium on activated carbon
powder (Aldrich) is used for the reaction. The amount of 20
grams (-1%) was chosen such that a cooling system would not be
needed for this exothermic reaction. The reactor is first
filled with 2 liters of d-hexadecene from the top inlet, as
shown in Fig. II-4. The reactor is purged with hydrogen
several times before being charged to a pressure of 100 psig.
A 7 filter is used as a gas dispenser to cause a good gas
distribution in the liquid phase. Hydrogen is continuously
fed into the reactor during the reaction. A relieve valve
keeps the reactor constantly at 0.78 MPa (100 psig). A mag-
netic stirrer enhances mass transfer.
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Figure II-4: Hydrogenation of a-hexadecene
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After the reaction is completed, the hydrogen feed is
shut off, and the reactor pressure is reduced to atmospheric
pressure through the vent. The product is then collected
through a circulating pump. Three filters are used to
separate catalyst particles from the product. The first 7 D
filter leaves most of the catalyst in the reactor for reuse.
A 0.2 p membrane filter (Millipore) is used to eliminate very
fine catalyst particles in the product, which otherwise can
form a colloidal phase in the liquid. The product is then
treated with molecular sieve to adsorb any trace amount of
water, and is sealed under argon for later use.
Usually the reaction was completed within 10 hours for a
freshly charged catalyst. If air is carefully avoided, the
catalyst can be still active, i.e., completing the reaction in
about 100 hours, after it has hydrogenated 25 gallons of d-
hexadecene.
The product was analyzed by gas chromatography and NMR.
The NMR spectrum indicates that no unsaturated carbon-carbon
bond exists in the liquid. The hydrogenated liquid consists
of 93% n-C1 6 H3 4 , 0.7% of n-C1 4 H3 0, 1% of n-C1 8H3 8, and about
5% of unidentified or identified hydrocarbons, as shown in
Fig. II-5(a). the amounts of n-C1 4H3 0 and n-C18H38 vary from
pail to pail.
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II.3.3. Thermocracking of Liquid Carrier
The hydrodenitrogenation reaction is usually operated at
relatively severe conditions. Experiments were therefore per-
formed to test whether the liquid carrier is truly inert under
the reaction conditions in the study.
The liquid carrier was studied in a trickle bed reactor
packed with 150 mesh silicon carbide inert. The reaction con-
ditions and the percent of liquid carrier which underwent
thermocracking at these conditions are listed in Table II-1.
The endothermic cracking of paraffinic molecules yields
lower-molecular weight molecules, a paraffinic and an olefinic
hydrocarbon. For example,
R-CH2-CH2}CH2-R - R-CH=CH2 + CH3-R
The cracked products are paraffins and olefins ranging from C7
to C14. No special attempt was made to identify them all in
the analysis of gas chromatography. One example is shown in
Fig. II-5(b), in which the liquid carrier underwent the most
severe thermocracking under hydrogen at 4200C, 13.8 MPa (2000
psi), and a 0.25 ml/min liquid flow rate. If hydrogen gas is
present in reactor instead of helium gas, the olefins produced
by cracking can partially hydrogenate to the corresponding
paraffins. Some polymerization reaction also occurs at the
highest temperature, 4200C.
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Table II-1
Thermocracking of Liquid Carrier
Gas Pressure Temperature Gas Liquid Precent
Flow Flow Cracking
I Phase (MPa) (°C) Rate Rate ((ml/sec) (ml/min)%)
He 13.8 420 8 0.25 3.6
H2 13.8 420 8 0.25 1 3.6
He 13.8 400 8 0.25 0.8
He 13.8 400 8 5.0 0.3
He 13.8 330 8 0.25 0.2
He 13.8 300 8 0.25 0
H2 6.9 375 5 0.20 0.4
L 
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As expected, less cracking reaction occurs at the lower
temperature, lower pressure, and shorter residence time. How-
ever, cracking should be unimportant under most HDN conditions
studied. In general, the HDN and HDO reactions were operated
under a pressure of 6.9 MPa (1000 psi) and temperatures
between 3500C and 390C, and the cracking of the liquid car-
rier is less than 1%.
II.4. Sample Analysis
The routine sample analyses were carried out with a gas
chromatograph (Perkin Elmer Sigma 1B), which consists of two
detectors, a data handling microprocessor system, and a digi-
tal thermal printer-plotter. The gas was occasionally
analyzed on-line through a thermal conductivity detector. The
liquid samples were analyzed by a flame ionization detector.
If the unknowns could not be identified by gas chromato-
graph alone, the samples were further analyzed by gas
chromatography/mass spectrometry.
II.4.1. Gas Chromatographic Condition
A glass column packed with 10% SP-2300 on a Teflon sup-
port was chosen for the on-line gas analysis. However, under
most of the gas flow rates employed, only a small amount of
liquid carrier could be detected in the gas phase. The reac-
tants and products in the hydrogen phase were not detectable.
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The majority of the reactants and product remain in the inert
liquid carrier.
However the liquid sample analysis is complicated by the
presence of liquid carrier. The following packed columns were
tried under various programmed temperatures,
10% SP-2300 on chromosorb T 40/60 mesh
5% Triton 305-x on Na3PO4 treated chromosorb GAW 80/100
mesh
5% Epon on Anaport Tee Six 60/80 mesh
Tenax G.C. 80/100 mesh
10% Carbowax 20 M on polythyleneimine treated ultraport-A
80/100 mesh.
None was satisfactory. The employment of capillary
columns resolved all the products and reactants, which were
then identified by comparing to known compounds.
An all glass splitter (Perkin Elmer) was installed at the
injection port to avoid overloading the apillary column. The
liner of the glass splitter is tightly packed with silanized
glass wool to homogenize the sample. In routine analysis, a
volume of 0.4 il liquid sample is injected into the splitter
with a split ratio of about 1/400.
Two types of capillary column have been used for this
thesis work, a 25 M long carbowax 20M capillary column, and a
50M long SE-54 capillary column (both from Hewlett Packard).
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The former was used for all the quinoline HDN studies. The
SE-54 capillary column was used for the simultaneous HDO/HDN
studies, for it has better separation for hydrocarbons and
higher maximum operating temperature. But the analysis time
of SE-54 capillary column is longer, about 52 minutes compared
to 35 minutes of carbowax 20M capillary column. Besides, the
SE-54 capillary column can separate two isomers of propylcy-
clohexene, while the carbowax 20M column cannot under the con-
ditions chosen. The detailed analysis conditions used for the
carbowax 20M capillary column are listed in Table II-2, and
those for the SE-54 capillary column are listed in Table II-3.
Gas chromatographic spectra of typical samples from HDN
reactions of quinoline and o-ethylaniline are shown in Fig.
II-6 and II-7. Those of typical samples from HDO reactions of
m-ethylphenol, o-ethylphenol, and benzofuran are shown in Fig.
II-8, II-9 and II-10. that from simultaneous HDO/HDN reac-
tions of benzylether and quinoline is shown in Fig. II-11.
II.4.2. Product Composition
The method of external standards has been used to cali-
brate samples in the GC analysis. Each standard contained
about 0.1 wt % to 5 wt % of various reaction intermediates,
dissolved in the liquid carrier. Within this range of concen-
tration, the flame ionization detector responds linearly for
each of the seventeen compounds tested, including methylcy-
-81-
Table II-2
Analytical Conditions for Carbowax 20M Capillary Column
Carrier Flow : 30 psig helium gas
Hydrogen for flame ionization detector: 22 psig
Air for flame ionization detector: 30 psig
injection 2500C
Temp.
Detection 2050 C
temp.
3 min 400C/min 5 min
oven temp. 60°C 600C 110°C -- 1100C
5°C/min 12 min 400C/min 8 min
1350 C 135 0 C 1600 C 1600 C1
I
I IITotal analysis 135 minutetime I
Type reaction IQuinoline HDN, Alkylaniline HDN,
analysed IBz-tetrahydroquinoline HDN
-82-
U 0
o o
o o
1U "-o (N UO U O
:- a 0
o 0
n O O E
o 2 '-U oU o0
*n r
C U U U
-- 0 0 0E 0 0 0
O %O d0
U -t4 -4 (N
0
o o 5 
E E E E4 -4 -4 -4o U U U
o00
%9 - .1
04
0)
4)
0)
0
0
OO4
, 0) I 0)
- 1
4 O 
S- - C
O C
Q C
C :>, 
0) Ic 0
,C C4J N
E
/) r1E 0
4 .O o4J )
C 
_ 
E
UO
-4
- I
-4
O
04fum IUH 02H
0) 0
0
·'0
l
0U
-
U(
r:
.,
0
-4 JU)O4
0
E-4 2P30
. Q1--i U
0 C
0)g4
0
·- O
O N'
" °,
. O
O 
fa wrlE
x~
u
o
o
c 00cl)
E
U)
-
a)
(U
0
>0rUOC
._4000
4 04)410)
-UCO
4-iO
uc
'- 0
4.O
a)
0tFHO04
0 0
4C
O Q
-4 X
0
44 U)
U0
o§e~
U
0o
(NS,
C
0
4
uE
a) Q
4 4))
Im
0)0
.-4
-4
00
-4
1-i0)
a,
4-)
0).
-
>9
N
..
'a
z
I-a
C)0
VUC
0
-P a(u 
(U
a) r0440
>
E-
U
o
0
,-4
r.0
0
0
-4
.4)
U
0)
-r-'
-4
EF.0)
E L
U .
0O
-4E 0)
-4 z
r. E ra0 U w
U U) Q)
041) Q) E
,c,c Q)E i 4 4J
-4
'4
Ln .I 4 )
0 2uM E
________
(N
'0
';r 0
LA ,c
I 4
2 2
en E
----1
I
0s -3a -
'10 Oro
O -H( n n O k
-- r>I M
cH r l H O p -H
I - O o r a, I
I./ r-. , o o' O LC) L.n '
N- t- - \ N C", N n m
) cs: u o 0) o O O O
O O O V 
0 >1 I N x M 
H-U O 0 : .'
u >1 a) H 0) rd
>1 0 Q4 C) Q > 'T UC)HH HH Qa I )H > >1 0 U"t
> Q4 Pl 4 S C 0 - 00 4 (M
· ) Q M H Q. Q I o - O)
el E , ee e el ee ee ii e
NcO D o Qm 0' Ln t: L O 00 IV 0n % OLC nr 0 0
r- r -i
-83-
C
.-H
0
C
0
U0
C)
P(CV
3 0
O Oa
C) O
PC C
H
H
0
H
r-A
z0
O U
X k
3 ~4
o H
Q lrl
O U
ZE '£
VrBI 1
ci)
+ O
X >SX X
O : O G)H .-H H N
4,3 ) 4 U 4-
0 0 )H 0U~OO~ l
~GG~G 
o' oo 0 Ln Ln
o CN r O c*q * *O*s
JJJ~rs 
-84-
66 Z 
oI
O 0
O
' -
V 0.4
0 W
"Q)0
E 
IHl
oU
OH3 UCra mX:k-0 r-I
.4 ,-
,s 04(O (
U ud
c)
r1
.-)
.10
U I U
,H 0-H
eeU) l e O
* * * 4
H- NCq Cq
-H
U
-,
.,-I
II
t
=-- ~~~t
k: 
l., ' I IS
, fc , -
*i:§ -
,6 ,
44:_4 
-- -- -
d, - . -r'
Q;'Z
I s:
---- st·1 '8 -
e"q
-85-
o'"t
sl* I61 *X0
a)
C
4
a
aa
a, Q) a) Qa
Cd g0 0
4- a)4 UaJ
) r0 rPQ) -Pa ) a d) >-1r-' C) r~C $rQ0a)>~a)H >iHH
Sr~~·- ue+
U aE 4 cit, E a
0 O 1 0 00
N m n d( CO O
X
a)u0 0
,, -r C
UU 4 U
1 , ,
o n r- 0 Ln -
0 gSN n ° m Un n4 r|,} o O O H 6 H  Q )00 c~~lo H0~.0LO H'( DVUiH
Wv 
OH
0
CdC.lau
I
W
U))
,-0
aU
0
4U2
0
OU4I00
E >
wCf
a) G)
a x
00
IHH
a,)
s -i
-
a)
fd
0
C)
.H
II
U
.....
t'*i
.Ia *t*Z-msIV3
...,
C9,9V,
=
N- -
-r·r I
1. .0
w4 1
_:@V I
1'& 4
6dllw^
14WlMO
-86-
__
·rl
t)
tr
. H
L r _
LI' --I II
, LZ 
m U;* t Si
a)
Cd
4J
O O x * u 
OO1
E4° rE ¢)¢
:>t , > ,^ ,^
E W t E @ @
rtt
*- 1
4
X (
O 
0 1
>,
(P..
4) 
O D n CO o o o 
cO rd L O 0 0 C N 
cu 4 4 4 4 4 u C
-I4J
r:
a) Crt,.
D r() C
ov-
0 
E r
mr) ( C 1 O
O r r C
4Ir-Iv-I r r-
S. * 
so,"
rl
S
rd
:-I
_q
-H
CdU
Lr)
wI
cri
a)
rd
X
U C
u Z0
0
rHz
4a)(P
Io4-
As V
O
r0
r.lW
o1
tJ
O
401
O
rb.
0 >
U O
H
,1
-ro
-Ln - n cov rC C4
i90
" *
*1
__
.4 --i
N C 0 k0 0 
k N > C C 
C W. I C C r *H
tn M 1D.,O OC D OD CO0 r-. 
un ( ' d " t 1 0' " '- t II
-. ,-. C N q ') D,
C)
a P~~~cd) ¢ ) a C)¢) x NX X
s @ u O
Q r 4 0 . 0 0 wX 0% l  :: 0
ZOr-4¢o 4 .J . pci
o0j 0 4-oo { 4OcO CO L - d C O 
CN ) ) V d 1n L
-87-
N
CZQ)
0
4-4
U) r
E
..
I-)
.u0
-H
.w a
() 0
c
HH
C)
0r
rd
H
I--
14
0)
r.
0
r_ r
. ..
O 03
IH H
r een -i ,
U
0
0
) +
Q H
IH OON ,rl
_ +
-) 00 
H
00 L
CN Ln
pi m ,i 4 .~ , L LA L n
rd rd0)
X X X) a) .)
0 00
o o o
U U O
0 0 4 ~4 
r= - Q.4 04rH
OCO MOO0c n CO 
a) co )
,4, . . .
00H  
X k
O) o 0 0
>.1 "4 "
N Od >i> ,a) 0 4 r0 ro0 1 ) d 
--- I 1)4 J
a4 4 I 4J
O0 Od U I 4 $- -4H No4 i4-) Ua a iw u m
r-
·H I
0 C
I
C
-88-
UJ
HO
" ,r
*A -- oo
Ln Ln cL
It
0o
a,
4)
r.
U) C
o o
0
4i
Ouo
o
: 
4J
o 
N
a04
z
0o
,H
,HHr
H
0
$4
,-IU
-1Cd
- H
r..ciCdU)
U)
N r- N m 'O N V ,, N . C
co O N o N a
CN N N CS
"It:
,' .
-89-
clohexane, toluene, ethylcyclohexane, ethylbenzene, propylcy-
clohexane, propylbenzene, decahydroquinoline, Bz -tetrahydro-
quinoline, o-ethylaniline, o-propylaniline, quinoline, Py
-tetrahydroquinoline, m-ethylphenol, o-ethylphenol, benzo-
furan, dihydrobenzofuran, benzodioxane and benzylether. The
absolute response factor of each compound was measured and
checked about every two months. The response factor of pro-
pylcyclohexene was estimated by averaging the response factors
of propylcyclohexane and propylbenzene, and so was that of
ethylcyclohexene. The average error for sample analysis is
estimated to be about 3%.
II.4.3. Mass Balances
As described before, the amounts of reactants and pro-
ducts in the gas sample were generally insignificant due to
the relatively high gas flow rates employed and the relatively
low vapor pressures of these compounds. Reactants and pro-
ducts mainly remained in the liquid sample.
The material balance, between liquid reactant into the
reactor and liquid reactant plus products out, depends on the
boling points of these compounds, which are listed in Appendix
I. The material balances of the quinoline HDN reaction were
closed to within less than 5% for all the flow rates studied.
The percent conversion of quinoline HDN reaction was calcu-
lated by summing up the hydrocarbon product fractions such as
-90-
propylbenzene, ethylbenzene, propylcyclohexene, propylcy-
clohexane, (and methylpropylcyclopentane), ethylcyclohexane,
and methylpropylcyclopentene.
In HDO reactions, material balance between reactant in
and reactant plus products out showed a moderate loss.
Depending on the flow rate, there was sometimes a 10 to 20%
loss. This may be due to the lower boiling points of these
oxygen compounds, which at atmospheric pressure, are 2190 C for
m-ethylphenol, 2050 C for o-ethylphenol, and 1740 C for benzo-
furan, compared to quiniline, 2380C. Some reactant could be
lost in the vapor phase but the major loss probably is of the
hydrocarbon products. For example, atmospheric boiling points
for ethylcyclohexane, ethylbenzene, and methylcyclohexane are
1320C, 1360C and 1030C respectively. The values of percent
HDO conversion presented are based on unreacted oxygen com-
pound in product liquid compared to the amount in the feed.
However, the loss of hydrocarbon products to the gas phase
would not affect the reported percent conversions.
II.5. Catalyst
The catalyst used in this study was a commercial
NiMo/A1203 hydrotreating catalyst, American Cyanamid AERO
HDS-3A, supplied in oxide form as 1/16" extrudates. The
catalyst properties are summarized in Table II-4. Typically
the catalyst was ground and sieved to a 70/200 mesh fraction,
-91-
Table II-4
Typical Properties of American Cyanamid
AERO HDS-3A CATALYST (NiMo/A1203 )
Composition (wt%, dry basis):
NiO
MoO
Na 20
Fe
P
so4
SiO2
loss on ignition
Physical Properties:
Surface area, m /g
Pore volume, cc/g
Compacted bulk density, g/cc
Pore size distribution
35-100 A
100-200 A
260-530 A
3.2
15.4
0.03
0.03
1.4
0.3
0.1
1.2
176
0.60
0.72
(vol%)
94
2.2
0.6
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and was sulfided in situ before use. It is important that the
catalyst not to be contacted with pure hydrogen before sulfi-
dation in order to avoid a permanent loss of activity. Six
batches of catalyst were successful in obtaining meaningful
data and they were presulfided by one of the three methods
used in this thesis.
The detailed presulfidation procedures will be described
in Chapter VI. and the catalyst activity of each batch of
catalyst will be discussed later in the following four
chapters when the related data are presented.
In the absence of sulfur compounds or in the presence of
a small amount of CS2 (0.74 wt%), presulfided catalyst lost
sulfur gradually upon prolonged exposure to high-termperature
hydrogen under reaction conditions. The catalyst had to be
resulfided after each experimental run, resulfidation pro-
cedure was described in the section of reactor shutdown pro-
cedure.
II.6. Gas and Liquid Flow Rates
II.6.1. Gas/Liquid Ratio
An industrial trickle bed reactor for hydrotreating typi-
cally employs a gas to liquid ratio of about 1000-10000 stan-
dard cubic feet of hydrogen per barrel of oil (SCF/bbl). In
this study, a 9000 SCF H2/bbl oil is chosen to ensure that
-93-
hydrogen is stoichiometrically in great excess for all the
reactions studied and so its partial pressure is substantially
the same as the total pressure. For example, in the case of 5
wt% quinoline, a complete conversion of quinoline to propylcy-
clohexane and ammonia consumes 263 SCF H2/bbl oil. In the
case of 5 wt% quinoline with an additional 5.89 wt% of CS 2 in
liquid carrier, a value of 1014 SCF H2/bbl oil is required to
completely convert carbon disulfide to hydrogen sulfide and
quinoline to propylcyclohexane and ammonia.
II.6.2. The Choice of Liquid Flow Rates
In order to obtain meaningful kinetic data for a feed of
5 wt% quinoline (for example) and to have liquid hourly space
velocity (LHSV) falling in the range of 0.5 to 20 hr - 1, the
catalyst bed has to be diluted by a high ratio with silicon
carbide inert. Two weights of catalyst were used, 1.6 gram
and 0.8 gram; catalyst/inert dilution is in a ratio of 1:4 for
1.6 gram of catalyst and 1:9 for 0.8 gram of catalyst. Some
typical gas and liquid flow rates employed in trickle bed
operation are listed in Table II-5.
For cocurrent gas-liquid downflow over a packed bed,
various flow regimes, such as trickle flow (gas continuous),
pulsed flow, spray flow, and gas dispersed flow can be
obtained, depending upon the gas and liquid flow rates. The
schematics of these flow regimes are shown in Fig. II-12.
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Table II-5
Typical Gas and Liquid Flow Rates Used in Trickle Bed Operation
Gas/Liquid = 9000 SCF/bbl
ISpace TimelLiquid Flowl Gas Flow I Liquid ILHSV I
I hr gcat Rate Rate I Flow I
2 ~ 2 1 Rate I -
1 molQ I (kg/m2 sec) I(kg/m2 sec) (ml/min) (hr )
I I I I I I
[ 1 1 I I I I
1.6g 36 1.48 0.28 2.48 14
ICatalyst,l 73 0.74 0.14 1.24 6.9
145 0.37 0.069 0.62 3.4
5 wt%Q 291 0.19 0.035 0.31 1.7
494 0.11 0.020 0.18 1.0
I . I I I 1 1
1.6g 99 2.72 I 0.51 1 4.50 125
Catalyst,l 145 1 1.85 1 0.35 1 3.10 117
291 1 0.95 1 0.18 1 1.55 1 8.6
l wt%Q I 494 1 0.55 1 0.10 1 0.90 1 5.0
- 11 I I I I
0.8g 33 0.82 0.15 1.36 1 7.6
Catalyst,l 66 I 0.41 1 0.075 0.68 1 3.8
132 i 0.21 1 0.038 1 0.34 I 1.9
5 wt% 263 0.11 0.020 0.17 0.94
447 0.06 0.011 0.10 0.55
- I I I I I I
0.8g 66 2.05 0.38 3.40 '19
Catalyst, 82 1.64 0.31 2.72 15
165 0.82 0.15 1.36 7.6
1 wt%Q 329 0.41 0.076 10.68 1 3.8
658 0.21 0.039 0.34 1.9L I ~~~~~~~~~~~~~~.41.9
I II crn r TKrL311 -Ir
-INDUSTRIAL TRICKLE
BED REACTOR
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10- 2 10-1 I 10 102
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Figure II-12: The Hydrodynamics of a Three Phase Cocarrent
Downflow Reactor (Froment and Bischoff, 1979;
Satterfield, 1975)
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Industrial trickle bed reactors are often operated in a
trickle regime or pulsed regime with liquid flow rates ranging
from 1 to 10 Kg/m2s. The gas and liquid flow rates employed
in this work ensured a trickle regime in the reactor as shown
in Fig. II-12.
II.6.3. Complete Catalyst Wetting
The space time is defined as hr gram of catalyst/mole
quinoline. For a fixed space time, the conversions of quino-
line HDN reaction are almost the same for 0.8 gram and 1.6
grams of catalyst employed, though in the latter case both gas
and liquid flow rates have to be doubled; the data of such
conversions at various space times will be presented as set(O)
and (00) in Chapter III. The close agreement of these two
sets of data with two different quantities of catalyst shows
that excellent contacting was achieved even at the very low
liquid flow rates.
II.7. The Effect of Gas Flow Rate on Reaction
If reaction only occurs in the liquid phase and complete
wetting of the catalyst is reached under operating conditions,
the gas flow rate as such should not affect the reaction
kinetics. A set of experiments was carried out to study the
effect of gas flow rate, under the conditions of 6.9 MPa (1000
psi) and 3750 C, and using 5 wt% quinoline in the liquid car-
-97-
rier. The three ratios of gas flow rate to liquid flow rate
correspond to 3000 SCF/bbl, 6000 SCF/bbl and 9000 SCF/bbl,
chosen to insure that a large excess of hydrogen was always
present in the reactor.
The experimental results are plotted in Fig. II-13 as the
degree of nitrogen removal of quinoline HDN versus the space
time for 3 ratios of gas to liquid. For 6000 SCF/bbl and 9000
SCF/bbl, the degrees of nitrogen removal are similar. However
the degree of nitrogen removal at 3000 SCF/bbl is slightly
higher than for the other two cases. The corresponding pro-
duct distributions are plotted in Fig. II-14. For clarity,
some of the minor hydrocarbon products are not presented here.
The product distributions at 6000 SCF/bbl and 9000 SCF/bbl are
similar while those at 3000 SCF/bbl differ from the other two
slightly. Explanation is discussed below.
All the organic products are present in the liquid phase
for every condition studied; ammonia is the only detectable
product appearing in the gas phase. The mass balance between
products and feed were closed well so the lower nitrogen remo-
val for higher gas flow rates is not due to any loss of reac-
tion intermediates to the gas phase after the liquid reactant
left the reactor and passed through the phase separator to the
sampling valve.
The explanation is that a significant portion of quino-
line and its reaction intermediates may be in the gas phase,
-98-
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in which case the distribution between liquid and vapor would
vary with the gas/liquid ratio and temperature. Less of the
quinoline would be in the vapor phase at low gas/liquid ratios
(e.g. 3000 SCF H2/bbl), more in the liquid phase, which should
increase the reaction rate, as found. A difference between
the runs at 6000 SCF/bbl and 9000 SCF/bbl would be expected,
however the small difference might be obscured within the
experimental error.
II.8. Trickle Bed Reactor Design
For the intrinsic kinetic studies, basically a plug flow
under isothermal condition is desired and the reaction has to
be free of mass and heat transfer limitations. Analyses are
made to ensure that the behavior of the trickle bed reactor
approximates plug flow, and that mass and heat transfer do not
cause difficulties in kinetic studies.
II.8.1. Reactor Performance
Catalyst dilution techniques minimize the problem of
liquid maldistribution in laboratory-scale trickle bed reac-
tors (de Bruijn, 1977; van Klinken and van Dongen, 1980).
Based on their analyses, the catalyst bed is designed to have
a depth of 51 cm (20") in a reactor of 0.52 cm inner diameter,
and to be packed with catalyst particles and inert silicon
carbide powder.
-101-
Van Klinken and van Dongen (1980) report studies of
liquid dispersion in a laboratory-scale trickle bed reactor by
tracer techniques. They employed a superficial velocity of
1.9 x 10-2 cm/sec, and their reactor was packed with catalyst
particles of 1.5 mm diameter and diluted by inert silicon car-
bide powders of 0.2 mm size. The Peclet number of the liquid
phase was reported to be 0.015 in their study and they con-
cluded that as a result of catalyst dilution, axial dispersion
is reduced substantially to the extent that liquid plug flow
can be assumed in all practical circumstances.
The lowest superficial liquid velocity used in this
thesis is 0.85 x 10- 2 cm/sec. A similar size of silicon car-
bide powder, 0.17 mm, is used in catalyst dilution. Moreover
the catalyst particles used here have much smaller diameters,
in the range of 0.13 mm and 0.36 mm (70/200 mesh), compared to
the size used in van Klinken and van Dongen's study. Their
reported peclet number is therefore used to evaluate the per-
formance of our reactor.
Assume that a first order irreversible reaction is at 80%
conversion, the deviation of the reactor performance from the
ideal plug flow can be estimated by the following equation
(Levenspiel, 1972)
V = 1 + (Pe) 1 ( ) In
Vp Ve L l-x
-102-
where V/Vp is the volume ratio of the real reactor to the plug
flow reactor, dp is the diameter of the particle in bed, L is
the length of the reactor and x is the reaction conversion, Pe
is the Peclet number for liquid phase and is defined as
Udp/D 1 , in which U is the liquid flow rate and D is axial
dispersion coefficient. Since the catalyst bed is diluted
with inert silicon carbide powder in a catalyst/innert ratio
of 1:4 or 1:9, the bed behavior is governed by the size of
inner particle. substituting the numerical values into the
equation, we get
V = 1 + (0.015) .017 In 1.036VP 51 1-0.8
the deviation from plug flow is about 4%; it then can be con-
cluded that the axial dispersion of the liquid phase is quite
small, and liquid plug flow can be assumed in our laboratory-
scale trickle bed reactor.
II.8.2. External Mass Transfer
In the trickle bed reactor, hydrogen will be present in
substantial stoichiometric excess, and in relatively high
fractional concentration in vapor phase. The solubility of
hydrogen in the liquid is relatively low, so it is valid to
assume that vapor-liquid equilibrium is established between
the gas and the gas-liquid interface, and there is no signifi-
cant mass transfer resistance in the gas phase.
-103-
If the catalyst is completely surrounded by liquid, dis-
solved hydrogen must be transported from the gas-liquid inter-
face to the bulk liquid and then to the liquid-solid inter-
face. If the key liquid reactant is present in low concentra-
tion, mass transfer of this species from the film to the
catalyst may become the rate-limiting step instead of transfer
of dissolving hydrogen through the film.
Satterfield (1970) has developed a criterion for external
mass transfer limitations for liquid soldid interface. If the
following inequality holds
10d 1 n 
1i catdt 
the external mass transfer effect is assumed to be insignifi-
cant. In the equation, dp is the diameter of catalyst parti-
cle, Ci is the concentration of species i at liquid-solid
interface, (_1 dn) is the rate of reaction in the unit ofVcatdt
mole/sec cm3cat., and ks is the mass transfer coefficient for
overall transfer through the liquid. If a simple stagnant
film model is applied to the liquid phase, and approximately
50% of the voids are assumed to be filled with liquid in the
reactor, then the inequality can be rewritten as
3C (_ 1 dn) <2Da
3Ci Vcatdt E
where Di is the molecular diffusivity in the bulk phase, a is
-104-
the ratio of outside area of catalyst particles to reactor
volume, 6 is the void fraction of catalyst bed.
Consider the HDN reaction network of quinoline, in which
all hydrogenation steps are orders of magnitude faster than
hydrogenolysis steps. The hydrogenation of quinoline to Py-
tetrahydroquinoline occurs most rapidly and partially through
the homogeneous route. Therefor the mass transfer limitation
is examined on the hydrogenation of quinoline to Bz-
tetrahydroquinoline instead, which is the second fastest
hydrogenation reaction in the quinoline HDN network, shown as
follows:
Quinoline + 2H2 - Bz-tetrahydroquinoline
Consider the reaction under a condition of 6.9 MPa and 3750C,
with a feed of 5 wt% quinoline in the liquid carrier (3.9x10-4
mol Q/g oil).
c_1- dt) = 0.016 mol Q/hr gcat (from Table III-9)
Vcatdt Q
= 4.4 x 10-6 mol Q/sec gcat
8 = 0.4
dp=0.02 cm (averaged value)
a = 6(1-E)/dp = 180 (for a sphere)
Pcat= 0.72 g/cm3 (compacked bulk catalyst)
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consider the case of hydrogen species in liquid film,
DH= 5.5x10- 4 cm2/sec
CH= 6.xlO - 4 mol H2/cm3 (estimated from data
of a light oil)
(Vc dt) H= 8.8x10-6mol H2/hr g catVcatdt H ·
substitute the values into the inequality,
(10)LU02) (8. 8x10-6xO.72) < 2(55xO0-4)180
(3)(6.0xl0 -4 ) 0.4
0.0007 < 0.5
The transfer of dissolved hydrogen through liquid film does
not have a significance resistance for this fast hydrogenation
step. Consider the case of quinoline species in liquid film,
DQ= lx10-5 cm2/sec (estimated from pyridine)
CQ= 3.9x10-4 mol quinoline/g carrier
Pliquid carrier = 0.77 g/cm3
Substitute the values into the inequality,
(10)(0.02) (4.4x10-6x0.72) < xlf- 5 1180
(3)(3.9x10-4x0.77) 0.4
0.0007 < 0.009
-106-
The mass transfer of quinoline in liquid film does not cause
restriction to the reaction either. Other reactions in the
quinoline HDN reaction network are much slower, so the mass
transfer of reactants and dissolved hydrogen does not pose any
limitation to these reaction.
II.8.3. Pore Diffusion Limitations
For a first order reaction, internal diffusion inside the
catalyst particle will be insignificant if the modulus s is
much smaller than 1 where s is defined as
( &)2 1_ (_ ldn)
2 Deff Cs Vcdt
and Cs is the concentration of the reactant in the liquid at
the solid-liquid interface whose diffusion is rate limiting,
and Deff is the molecular diffusivity in the catalyst pore.
Deff can be estimated by D/ where is the void fraction of
catalyst particle, and tis the tortuosity (usually is taken
as 0.5 and t is taken as 4).
Consider dissolved hydrogen in pore diffusion
Cs H = 6.0x10-4 mol H2/cm3
D -5 cm2/seceff,H = 6.9x10 cm /sec
Substituting all the estimated values, one obtains
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(L92)2 8rs ~lo6x0'72 5 = 0.015
s (- 2 (6.0x104) (6.9x10-5 )
Therefore mass transfer of hydrogen species inside the
catalyst pore is not restricted.
Consider quinoline in pore diffusion,
CSQ = 3.9x10- 4 mol quinoline/cm3
Deff Q = l.lxl 6cm2/seceffQ -6 2
Substituting all the estimated values, one obtains
X = (..02)2 (4.4x10-6x0.72) = 0.74
2 (3.9x10 - 4 ) (1.1x10 - 6 )
Since s is close to 1, a further investigation is made to
estimate the pore diffusion limitation. The activation
energy, E, of this reaction, is 20 Kcal/mole (from Fig. III-
19), and the heat of reaction, H, is about -30 Kcal/mole
(Stein and Barton, 1981). The value of and are defined
and estimated as follows
20x103 cal/mole =15 5
= E/RTs = (1.987cal/OK) (648K)
C_ So(-AH)Deff .
AT c
¢~.-gx3-4x 0.77 5Q/cm 3 ) -3x10 3 cal/mol)(.x1 - 6 cm2/sec)
(0.51x10- 3 cal/sec cm°K)(648°K)
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= -0.30x10 - 4
where Ts is the temperature at outside surface of particle and
is taken as the reaction temperature,> is the thermal conduc-
tivity of the porous structure and is estimated from the data
for CoMo catalyst (Satterfield, 1970, p,170). With the values
§s (0.74), r(15.5) and P(-0) known, the mass transfer limi-
tation of the quinoline species inside the catalyse pore is
estimated to be negligible (Satterfield, 1970).
From the above calculation, mass transfers of quinoline
and hydrogen either external to the catalyst or inside the
catalyst pore do not pose restrictions to each individual
reaction in the reaction network of quinoline HDN reaction if
the feed contains 5 wt% quinoline. However, if the reaction
is carried out under a low concentration of 1 wt% quinoline,
mass transfer of quinoline inside the catalyst pore may be
limited to a small extent for the fast hydrogenation steps.
II.8.4. Heat Effects
Mears (1971) derived a criterion for lack of importance
of temperature gradients in a catalyst particle.
TR
m ( )2 (_ 1dn) < 
Ts 2 Vcdt E
where AH is the heat of reaction, A is the thermal conduc-
-109-
tivity of the catalyst particle, Ts is the temperature at the
catalyst surface, R is the gas constant and E is the activa-
tion energy of the reaction. Again the fast hydrogenation of
quinoline to Bz -tetrahydroquinoline in quinoline HDN reaction
network is taken to examine the heat effect. The values have
been estimated in the above section
AH - -30 x 103 cal/mol quinoline
E 20 x 103 cal/g mole quinoline
XA - 0.51 x 10-3 cal/sec cm °C
Ts 6480K (taken as reaction temperature)
1 dn) = 3.2x10-6mole quinoline/sec cm3 cat
V dt
Substituting in the above equation
(30X103) (--22 (3.2x1 0-6 ) < (648) (1.98
(0.51x10-3 ) 20x103
.018 < 0.064
Thus the criterion is obeyed, and temperature gradients in the
particle should be negligible.
Though the heat of reaction is about -109 Kcal/mol Q for
the overall HDN reaction of quinoline, the external heat
transfer should not be a problem for the kinetic study here
because quinoline is present as a dilute solution (e.g. 5 wt%
quinoline in a liquid carrier).
CHAPTER III
Catalytic Hydrodenitrogenation of Quinoline
in a Trickle Bed Reactor
Comparison with Vapor Phase Reaction
III.1. Introduction
The catalytic hydrodenitrogenation (HDN) of quinoline has
been studied in the vapor phase over a commercial sulfided
NiMo/A1 2 03 catalyst in either the present or absence of H2S,
and under reaction conditions representative of industrial
practice (Satterfield and Cocchetto, 1981; Satterfield and
Gultekin, 1981). The catalytic hydroprocessing of higher-
boiling fractions of petroleum and synthetic liquid fuels is
carried out in the liquid-phase and usually in trickle-bed
reactors. The purpose of the present work in this chapter
primarily to compare the reaction network of quinoline hydro-
denitrogenation in a laboratory-scale trickle-bed reactor with
that in the vapor phase, under as nearly identical conditions
as possible. In the present studies, the catalyst was presul-
fided but no H2S was added to the feed during reaction, and
results are compared to vapor-phase reaction in the absence of
H2S.
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III.2. Catalytic Activity and Reaction Conditions
III.2.1. Catalytic Activity
All the reactions were carried out in a trickle bed reac-
tor over NiMo/A1203 catalyst. In this part of work, two
batches of catalyst were used, termed as #2 and #3. Both were
presulfided following a specified heating procedure supplied
by the catalyst manufacturer. The reactor was first heated to
1750 C under a flow of helium. A mixture of 10% H2 S in H2 was
then passed through the bed at 20 cc/min (STP) and at 0.24 MPa
for 12 hours. The temperature was then increased to 3150 C at
the rate of 1C/min and held at 3150 C for an hour. The reac-
tor was then cooled to 1500 C under the H2S-H 2 flow and further
cooled to room temperature under flow of helium.
The activity of the presulfided NiMo/A1203 catalyst was
checked periodically by running quinoline HDN reaction under
standardized conditions, at 6.9 MPa and 3750C, using 5 wt%Q in
the carrier liquid at a space time of 269 hr gcat/mol Q. The
degree of nitrogen removal was used as measure of catalyst
activity.
When catalyst #2 or #3 was brought on stream under stand-
ardized conditions, its activity dropped sharply but reached
essentially steady state after about 150 hours on stream, as
shown in Fig. III-1. This steady state activity was then
maintained by resulfiding the catalyst following every 10 to
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15 hour run. After each run the reactor was cooled to 3500C
as pressure was relieved and it was flushed with a 50/50 mix-
ture of liquid carrier and xylene for 1/2 hour under 1.46 MPa
of hydrogen. The catalyst was then resulfided with the H2S-H2
mixture at 40 cc/min (STP) and 0.24 MPa at 3500C for 1 hour
and then cooled as in the presulfiding procedure. The resul-
fidation was usually started after about 150 hours in stream.
After presulfidation in the absence of a sulfur compound
in the feed, some H2S is slowly evolved from the catalyst if
H2 or an inert gas is flowed through under high temperature,
and the catalyst slowly deactivates to a steady state of
moderately lower activity. For example, after catalyst #3 had
been on stream for 225 hours it was resulfided but then sub-
jected to HDN reaction at 375°C and 6.9 MPa. Its activity was
measured about every 20 hours by a short 4 hour run utilizing
the standardized test conditions. Over the course of about 65
hours at the highest flow rates used (hydrogen flow rate of
83.4 ml H2 /g cat s and liquid rate of 3.0 kg/m2 s), without
intermediate resulfiding, the HDN of quinoline dropped from
about 22 mol% to about 16 mol%. Running the standardized test
but with 0.3 wt% CS2 in the liquid brought the activity up to
27% HDN over the course of 15 hours, as shown in Fig. III-2.
When CS2 was eliminated from the feed the activity dropped to
the original value of 22% HDN.
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The procedure of resulfiding the catalyst after every 10
to 15 hours keeps the catalyst activity essentially constant
during a run of this duration.
III.2.2. Reaction Condition
The kinetic data reported in this chapter were all
obtained after steady state activity. All studies were made
at 6.9 MPa. Three sets of kinetic data were obtained, their
reaction conditions detailed in Table III-1. Set (0) was
obtained with catalyst #3, after 190 hours on stream. Set
(00) was obtained on catalyst #2, after it had been on stream
for about 550 hours under a variety of conditions including
the addition of CS2 to the feed for about 70 hours. Data for
set (000) was obtained with catalyst #3 after about 320 hours
on stream. In each of set (0) and (00), each of three feed
compositions, 5.00 wt% Q, 5.16 wt% 5,6,7,8-tetrahydroquinoline
(BzTHQ) or 4.69 wt% o-ethylaniline (OEA) was studied at 350°C,
375°C, and 3900C and over a wide range of contact times.
These three compositions correspond in each case to 3.87 x
10- 4 mol of heterocyclic compound per gram of carrier liquid.
The actual alkylaniline formed as an intermediate from quino-
line is o-propylaniline (OPA) rather than OEA; but our supply
of OPA was small and it was used for a limited set of studies
(see later discussion).
-116-
Table III-1
Experimental Conditions for
Liquid Phase Quinoline HDN without H2S Present
Set I Feed I Catalyst
I I I
5.0 wt% Q
(0) 1 4.9 wt% BZTHQ 1 #3
5.3 wt% OEA
I I I 
5 .0wt% Q
(00) 4.9 wt% BZTHQ I #2
5.3 wt% OEA
I I I I
[ 1.0 wt% Q
I (000) 0.97 wt% BZTHQ 1 #3
I 1.1 wt% OEA I
I I l l
6.9 MPa, 9000 SCF H2/bbl. oil
Each feed was studied at each of three temperatures,
3500C, 3750C and 3900C.
Catalyst #2 consisted a charge of 0.8 gram,
catalyst #3, 1.6 gram.
For (0) and (00) the initial concentration of the
-5
feed was 38.7 x 10 mol/g. oil; for (000) it was
7.7 x 10 mol/g. oil
-117-
Catalyst #2 had a weight of 0.8 gram, and catalyst #3 had
a weight of 1.6 gram. Data set (0) and (00) are in effect
duplicates except that for a specified space-time, data in set
(00) were obtained at one half the liquid and gas flow rates
as set (0). For set (0) space times varied from 36.3 to 494 g
cat hr/mol Q (total liquid rates of 1.48 to 0.11 kg/m2s and H2
flows of 41 to 3.0 ml (STP)/g cat s. For set (00) liquid and
gas flow rates were each one-half of the above for the same
specified space-time.
Data for set (000) were obtained with one-fifth the con-
centration of heterocyclic compound, namely 1.0 wt% Q, 1.03
wt% BzTHQ or 0.94 wt% OEA. For set (000)space-times varied
from 99 to 494 g cat hr/mol Q with corresponding liquid flow
rates of 2.72 to 0.54 kg/m2 s and H2 flows of 75 to 15.1
cm3(STP)/g cat s. Aside from the three sets of data a limited
amount of data were also obtained with 1 wt% Q on catalyst #2.
The HDN reactions of alkylaniline in homolgous series were
also studied on catalyst #2.
As will be discussed in a later chapter, the catalyst
activity can be markedly affected by presulfidation procedures
and reaction conditions. Extreme care had be taken in the
process of obtaining kinetic data, the catalyst activity being
checked often. One unreported set of kinetic data was meas-
ured after catalyst #2 was on stream about 660 hours. The
gradual deactivation of catalyst activity made the kinetic
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data senseless, and indeed impossible to model.
III.3. Results
III.3.1. Products Formed in Quinoline HDN
A revised reaction network for quinoline HDN based on
previous and new information is shown in Fig. III-3, which
also gives a list of the acronyms used. Quinoline (Q) is
hydrogenated on its heteroring or benzene ring to form
1,2,3,4-tetrahydroquinoline (PyTHQ) or 5,6,7,8-
tetrahydroquinoline (BzTHQ). PyTHQ then undergoes hydrogeno-
lysis to produce o-propylaniline (OPA) which in turn is
further hydrogenated to 2-propylcyclohexamine (PCHA). The
deamination of PCHA quickly leads to 1,1- and 1,3-
propylcyclohexenes (PCHE) which can be hydrogenated to propy-
cyclohexane (PCH), or be dehydrogenated to propylbenzene (PB),
or be isomerized to methylpropylcyclopentene, that is further
hydrogenated to methylpropylcyclopentane (MPCP). BzTHQ under-
goes hydrogen'ation to decahydroquinoline (PHQ) that followed
hydrogenolysis to result in 2-propylcyclohexamine. The reac-
tion network of quinoline HDN under condition used has four
characteristics:
(1) the heterocyclic ring has to be hydrogenated prior the
C-N bond cracking,
-119-
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(2) the aniline ring has to be hydrogenated prior to deamina-
tion,
(3) cyclic hydrocarbons undergo ring isomerization,
(4) the reactions between Q and PyTHQ, Q and BzTHQ, BzTHQ and
DHQ, PyTHQ and DHQ are reversible reactions.
The major reaction intermediates, Q PyTHQ, BzTHQ, DHQ,
OPA, PCHE, PB, and PCH, have been identified previously (Shih
et al., 1977; Satterfield and Cocchetto, 1981). Further
information here was developed from a liquid product sample
from a representative reaction condition of 6.9 MPa, 375°C and
space time of 267 hr g cat/mol Q, which corresponds to about
30% conversion of quinoline to hydrocarbon products. The sam-
ple was subjected to GC/MS snalysis utilizing a SE-52 capil-
lary column, which was heated from 450C to 300°C at a rate of
4°C/min. The total ion plot is shown in Fig. III-4 together
with identification of significant peaks from mass spectra.
The results suggest that the true course of the latter parts
of the HDN reaction is significantly different than previously
proposed. Also many minor reaction products other than the
ones shown in the reaction network were found. Details follow.
III.3.1.1. Saturated Cyclic Hydrocarbons
The major hydrocarbon product in the quinoline HDN reac-
tion has been reported to be propylcyclohexane (PCH). How-
ever, a small amount of methylpropylcyclopentane (MPCP) was
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also found under space time of either 37 or 269 hr gcat/mole
Q; the mole ratio of
methylpropylcyclopentane/propylcyclohexane is about 1% to
2.5%, depending on the total HDN conversion.
MPCP and PCH elutriated from the gas chromatographic
column at similar retention time and could not be resolved
under the condition in which the oven was heated from 45C to
3000 C at a rate of 4C/min as used in GC/MS analysis shown in
Fig. III-4. But the mass spectrum on the early portion of
such unresolved peak demonstrated the fragment pattern of PCH
as shown in Fig. III-5; and that on the tail portion of the
peak demonstrated the fragment pattern of a five membered ring
isomer of PCH, as shown in Fig. III-6. However, if the SE-52
column was kept under a constant temperature of 300C, PCH and
its five membered ring isomer could be separated.
Standard mass spectra of n-propylcyclohexane, iso-
propylcyclohexane, n-butylcyclopentane, and 1-methyl, 2-
propylcyclopentane are shown in Fig. III-7. They clearly
indicate that alkylcyclopentanes have major mass fragments of
69 and 70 while alkylcyclohexane does not have such major mass
fragments.
The reactivity of cyclohexane over a dual functional
catalyst was summarized by Weisz (1962) as the following:
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The ring isomerization of cyclohexane occurs through cyclohex-
ene as an intermediate. Ciapetta (1953) found 1,1-
dimethylcyclopentane from the isomerization of methylcyclohex-
ane over a dual catalyst, while Weisser and Landa (1973,
p.367) reported 1,2- and 1,3-dimethylcyclopentane resulted
over a MoS2 catalyst.
According to the above study, it is believed that the
branched cyclopentane in the quinoline HDN reaction network
should be methylpropylcyclopentane rather than n-
butylcyclopentane. No attempt was tried to further identify
the positions of methyl and propyl groups on the cyclopentane
ring. It is possible that all of the isomers of 1,1-, 1,2-,
and 1,3-methylpropylcyclopentane exist under the reaction con-
dition. The important fact is that ring isomerization does
occur in the quinoline HDN reaction network.
Two forms of propylcyclohexene were found in the product
stream, as well as a very small amount of methylpropylcyclo-
pentene. The formation of two isomers of propylcyclohexenes
will be discussed in next section, but the existence of
methylpropylcyclopentene supports the route that methylpropyl-
-128-
cyclopentane originated from propylcyclohexene as shown in
Fig. III-3.
No thermodynamic data appear to be available to indicate
whether PCH or MPCP is the more stable compound. In somewhat
analogous pairs, methylcyclopentane is more stable than
cyclohexane and methylcyclohexane is more stable than 1,1 (or
1,2 or 1,3) methylcyclopentane, but the differences are quite
small (Stull, et al., 1969).
The ring isomerization occurs only to small extent if H2S
is not present in the feed as described above. However the
presence of H2S in the quinoline feed significantly enhances
such ring isomerization reaction which will be discussed in
Chapter IV.
On two previous occasions with the vapor phase studies, a
liquid sample from quinoline HDN was subjected to GC/MS
analysis; no H2S present in both occasions. Methylpropylcy-
clopentane was not found due to its small quantity relative to
propylcyclohexane.
III.3.1.2. 2-Propylcyclohexylamine
This compouns was previously proposed as a reaction
intermediate, but could not be detected. Here we identified
trace amounts of cis and trans 2-propylcyclohexylamine in the
reaction products. Its mass spectrum, as shown in Fig. III-8,
consists of a peak at m/e 141 (molecular ion) and a dominating
-129-
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one at 56 which corresponds to a ring fragment CH 2=CH-CH 2 -NH2
characteristic of the mass fragment pattern of cyclohexylamine
(Budzikiewicz, 1967). The existence of 2-
propylcyclohexylamine substantiates the proposed reaction
paths, it being formed from either hydrogenolysis of decahy-
droquinoline or hydrogenation of o-propylaniline.
III.3.1.3. Hydrogenolysis of Decahydroquinoline
There is little difference between the strengths of the
two C-N bonds of DHQ, so it is reasonable to expect that
either bond can undergo hydrogenolysis, as shown in Fig. III-
3. Though no trace of 3-phenylpropylamine was detected, the
possibility of this reaction path cannot be ruled out for it
may be a highly reactive species.
III.3.1.4. HDN of o-Propylaniline
It is well known that the C-N bond of an aromatic amine
is much stronger than the C-N bond of an alkylamine, for the
lone pair of electrons of the N-atom in an aromatic amine is
involved in the resonance of the ring Tr-electrons. Direct
deamination of an alkylamine is much easier than that of an
aromatic amine (Stengler et al., 1964).
In an analogous case of deoxygenating phenol over a MoS 2
catalyst (Weisser and Landa, 1973), hydrogenation of the
phenolic benzene ring is far more dominant than hydrogenolysis
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of the phenolic hydroxyl group at high pressures (about 10
MPa) and the dehydration of cyclohexyl alcohol is by far the
most rapid reaction under severe reaction conditions.
Two compounds in the product were identified as 1-
propylcyclohexene and 3-propylcyclohexene. Under typical
reaction conditions it is found that propylbenzene by itself
is partly hydrogenated to propylcyclohexane and propylcy-
clohexane by itself is partly dehydrogenated, but no propylcy-
clohexene was identified in either case. This suggests that
propylcyclohexene is formed through deamination of 2-
propylcyclohexylamine, and that o-propylaniline (OPA) pri-
marily undergoes hydrogenation at the reaction conditions
used, and once the resonance between the nitrogen lone pair
electrons and aromatic T-electrons is destroyed, deamination
can occur readily.
III.3.1.5. C-C Bond Cracking
Traces of 2-ethylpyridine and less than 0.5% of
cyclohexylamine were found in the product. The first is most
likely formed through C-C bond cracking of BzTHQ. The latter
may be formed by several possible routes, all involving a C-C
bond cracking of certain reaction intermediates. A small
amount of ethylcyclohexane, less than 2% under the most severe
condition used, was found and it might be resulted from a C-C
bond cracking of some reaction intermediates.
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We conclude that C-C bond cracking plays a negligible
role in the quinoline HDN reaction under typical reaction con-
ditions. Within a molecule a C-N bond has a greater opportun-
ity than a C-C bond to be involved in catalytic activity
through adsorption of the N atom onto a catalytic site.
III.3.1.6. Side Reactions
Traces of I, II, III (see Table III-2) were also present
in the product, the first two presumably being formed pri-
marily through ammonia elimination from BzTHQ and DHQ. The
last of the three would come from isomerization of quinoline.
III.3.1.7. Heavier Products
There have been suggestions in the literature (e.g.
Flinn, et al., 1963), that under some conditions side reac-
tions during HDN could lead to the formation of higher molecu-
lar weight products containing nitrogen that are highly
unreactive. We have searched specifically for such sub-
stances. Numerous high molecular weight compounds are indeed
formed as shown in Fig. III-4, some being hydrocarbons and
some N-compounds. The heavier products were formed in the
greatest amount at the highest temperature and slowest flow
rates. At 3750 C they amounted to as much as 4 mol% of the
quinoline feed and at 3900 C to as much as 6 mol%. These were
almost exclusively hydrocarbons whose structures suggest that
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Table III-2
Heavy Products from Quinoline HDN Reaction
Identified by GC/MS
(Numbers in parentheses are molecular weights)
I 1 (118)
13 n (124)
m jCH 3 (131)
mCQ
CH3
(153)
C3 H7
(244)
(257)
(257)
(250)
(IH 2)3 (257)
0
EZZ
V
Z (C HA1'6 250)
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they originate through random linking of the intermediate
fragments. At least ten species with molecular weights of
230, 236, 238, 244 or 250, were formed but over 90% consisted
of product of 244 and 250 molecular weight. Structure assign-
ments suggest these are the structures shown as IV (molecular
weight 244) and V and VI (molecular weight 250) in Table III-
2.
N-compounds were present only in trace amounts and
appears to result from alkyl transfer reactions, because we
have identified the structures given by VII, VIII, IX and X.
Compounds of this sort might act as blocking agents causing
catalyst deactivation. In pyridine HDN at 7.3 MPa alkyl
transfer reactions have been observed (Sonnemans et al.,
1972), mainly the formation of N-pentyl piperidine. Their
catalyst was reduced but unsulfided, so it presumably would
have had higher hydrogenation activity but lower hydrogeno-
lysis activity than sulfided catalyst. This would enhance the
formation of piperidine and lessen its destruction which could
offer more opportunity for a pentyl group to become attached
to the N-atom.
In this work there may also have been some formation of
heavier polymers which could not be eluted from the catalyst
surface during the reaction, or from the gas chromatographic
column during sample snalysis.
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III.3.1.8. Final Products
The principal hydrocarbon products are propylbenzene
(PB), propylcyclohexane (PCH), two isomers of propylcyclohex-
ene (PCHE) and methylpropylcyclopentane (MPCP). Under all
conditions propylcyclohexane is dominant. The relative con-
centrations of the hydrocarbons at e.g. about 40% HDN, are
about 3% MPCP, 74% PCH, 10% PB and 10% PCHE, 2% ethylcyclohex-
ane, and less than 0.5% methylpropylcyclopentene.
II.3.2. Homogeneous Hydrogen-Donor reaction
PyTHQ is an excellent solvent for dissolution of coal, in
the course of which some quinoline is formed (Brucker and Kl-
ling, 1965). It is an excellent hydrogen-donor, analogous to
tetralin and conceivably BzTHQ might act similarly. Some pos-
sible homogeneous reactions in the present system are:
3 PyTHQ + 2 PB K 3 Q + 2 PCH (1)
PyTHQ + PCH - DHQ + PB (2)
K
3 BzTHQ + 2 PB - 3 Q + 2 PCH (3)
K
BzTHQ + PCH ~ DHQ + PB (4)
KTHQ + PCHA 5
PyTHQ + PCHA ' DHQ + OPA (5)
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k
BzTHQ + PCHA -6 DHQ + OPA (6)
To examine this possibility, the equilibrium constants of the
six reactions have been calculated. The following example
shows how the calculation is done. The equilibrium constants
K1 can be expressed by the two equilubrium constants of
separate reactions as the following.
K1 = (K')3(K")2
where K is the equilibrium constant of the reaction
PyTHQ - Q + 2 H2
and K is the equilibrium constant of the reaction
PB + 3 H2 - PCH
The experimental value of K' can be obtained from previous
vapor phase study (Cocchetto and Satterfield, 1981). A
theoretical value of K" can be calculated from the free ener-
gies of formation of PB and PCH, i.e., Gf(PB) and Gf(PCH)
(Stull, et al., 1969). All the rest of the equilibrium con-
stants, K2 to K6, were calculated in a similar way and are
listed in Table III-3.
From the equilibrium constants, we conclude that reac-
tions (1) and (3) are very unfavorable thermodynamically, but
others might occur to a certain extent.
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Table III-3
Equilibrium Constants of Six Hydrogen Donor Reactions
400°C 350C 3000C
-19
4.46 x 10
-1
1.03 x 10
-18
1.18 x 10
-2
5.69 x 10
4.79 x 102
-14
6.05 x 10
-2
6.30 x 10
-13
4.48 x 10
-23.30 x 10
1.55 x 102
-8
2.34 x 10
-2
8.13 x 10
-7
5.24 x 10
2.34 x 10
-34.36 x 10
-4 3.02 x 10-2
K6 6.62 x 10 3.02 x 10
K1
K2
K3
K4
K5
1.23 x 0-
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The first four reactions were attempted in a trickle bed
reactor packed with inert, utilizing about 1 wt% of each reac-
tant mixture dissolved in liquid carrier, in the presence of
flowing helium at 14 MPa at a liquid rate of 0.25 ml/min and
at 300, 350 and 4000C. G.C. analysis revealed no formation of
PCH in reactions (1) and (3) or PB in reactions (2) and (4),
showing that PyTHQ and BzTHQ do not behave as homogeneous
hydrogen donors or hydrogen acceptors for other reaction
intermediates in the quinoline reaction network.
However the results did show that under the most extreme
conditions a small amount of quinoline and DHQ were formed
from either PyTHQ or BzTHQ, as shown in Table III-4. The
dehydrogenation may occur either homogeneously or be catalyzed
by the reactor wall, though the stainless steel reactor wall
has been "coated" by a thin layer of aluminum as described in
the experimental section. The hydrogen produced further
hydrogenates PyTHQ and BzTHQ to DHQ. From Table III-4, we see
that in some cases, the extent of hydrogenation occurs more
than that of dehydrogenation under helium. The phenomenon can
be accounted for by the hydrogen coming from the minute degree
of dehydrogenation of paraffins which constitute about 98 wt%
of the reactants.
III.3.3. Homogeneous Reaction of Quinoline
-139-
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Quinoline was exposed to various HDN reaction conditions
in the absence of catalyst. The results are listed in Table
III-5. Only the hydrogenation of quinoline to PyTHQ takes
place homogeneously to a significant amount. For example
under a condition of 6.9 MPa, 3650 C and 0.25 ml/min liquid
flow rate, about 19 mol% of quinoline converted to PyTHQ homo-
geneously.
III.3.4. Overall Reaction Order
The space time used here is defined as hr gcat/mol Reac-
tant and not as generally used hr g-cat/total liquid.
The overall HDN of quinoline is nearly zero order under
the conditions studied since the % HDN is nearly proportional
to space time as defined here and for a specified space time,
the % HDN is substantially unaffected by a five-fold variation
in quinoline concentration (Fig. III-9). The HDN of quinoline
or other model compounds is frequently presented in the
literature in terms of first-order rate constants but such
constants then decrease with increasing partial pressure of
the N-compound. McIlvried (1971) reported that the reciprocal
of the first order rate constant calculated from overall pyri-
dine HDN reaction increases proportionally with the concentra-
tion of pyridine feed. Fundamentally, the kinetics of the HDN
reaction should be modelled through Langmuir-Hinshelwood
expressions to take into account the effect of surface adsorp-
-141-
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tion on such reactions.
III.3.5. Equilibrium between Quinoline and Py-
tetrahydroquinoline
For all the conditions used in our study, PyTHQ and Q
always reached equilibrium very rapidly, the mole ratio of
PyTHQ/(PyTHQ+Q) being obtained by starting with either 5 wt%
PyTHQ or 5 wt% Q. The product distributions are the same for
all space times, whether the feed is 5 wt% Q or 5 wt% PyTHQ,
and even at the shortest space time, 37 hr g. cat/mole reac-
tant, as shown in Fig. III-10. The mole ratio of
PyTHQ/(PyTHQ+Q) was essentially the same in liquid phase and
vapor-phase processing, but slightly increased with increas-
ing space time (Fig. III-11). This may be attributed to
changes in the activity coefficients, which depend on the con-
centrations of other intermediates in the product.
III.4. Kinetic Modelling
For purposes of kinetic modelling, we simplify the reac-
tion network to that shown on Fig. III-12. This makes the
following well-supported assumptions:
(1) The rate determining step of OPA hydrodenitrogenation is
the hydrogenation of its aromatic ring.
(2) The two C-N bonds of decahydroquinoline are similar in
reactivity.
-144-
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(3) The deamination of cyclohexylamine is a very fast reac-
tion under typical HDN conditions.
III.4.1. Pseudo First Order Kinetics
Pseudo first order kinetics has been tried on this sim-
plified reaction network by employing HJB method (Himmelblau
et al., 1967). Either including the two slow dehydrogenation
steps 10 and 11 or not, some of the resulted rate constants
are negative numbers, as shown in Appendix IV.
III.4.2. Langmuir Hinshelwood Type Kinetics
The Langmuir-Hinshelwood rate expressions used here are
the same as those developed previously (Satterfield and Gulte-
kin, 1981) for vapor-phase studies except that the two reverse
dehydrogenation steps, 10 and 11, are now included.
This model is reasonably simple, it fits experimental
data, and it presents a consistent physical picture. The most
basic assumption is that all the molecules compete with each
other to be adsorbed on active sites on the catalyst surface
for both hydrogenation and hydrogenolysis. The validity of
this assumption will be discussed in the next chapter when the
nature of the catalytic sites is suggested.
The specific formulation is as follows (wherey
=K1Yi+K2Y2+K3Y 3+K4Y4+K5Y 5+K6Y 6).
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dY klK 5 Y5 -k2 K1 Y1
_ 1 5 2 1 (7)dt t
dY2 k3 K4 Y4 -k10 K2 Y2 +k6 K3 Y 3 -k5 K2 Y2 (8)
dt
dY3 k4 K5 Y5 -k11 K3Y3+k 5K 2Y2-k 6K 3Y 3 -k 7K 3 3 (9)
dt
dY4 -k 8K4Y 4+k 9K5 y5 -k 3 K4y 4+klOK22 (10)dt -
dY k8K4Y4-k9 K5Y 5-k4K5Y5+kllK3Y 3-k lK5Y 5 (11)
dt P
dY6 k2K1Yl+k7K 3Y 3 (12)
dt 
where Yi is the mole fraction of species i (based on the feed
of N-compound), t is space time (hr g cat/g-mole of i), Ki is
the equilibrium adsorption constant of species i, and k is
the rate constant of reaction j, given in Fig. III-12. (These
rate constants will be a function of hydrogen pressure.)
Three approximations are made to simplify the rate
expressions:
(1) The number 1 that typically appears in the denominator of
a Langmuir-Hinshelwood expression is neglected here
because it is assumed that all sites are occupied.
(2) The adsorption of the liquid carrier (C1 6 paraffin) and
hydrocarbons produced from the reaction are neglected
because of their neutral character compared to those of
basic N-compounds.
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(3) The equilibrium adsorption constants of all N-compounds
in the reaction are grouped into three categories accord-
ing to their basicities which are either known or are
estimated by analogy to molecules of known basicity which
are most similar in structure, as shown in Table III-6.
BzTHQ, PyTHQ, Q and OPA (Y2, Y5, Y4 and Y1) are thus charac-
terized as aromatic amines whose basicities are reduced by
interaction of nitrogen lone-pair electrons with r-electrons
of the aromatic ring. DHQ (Y3) is grouped by itself as a
secondary amine having much higher basicity than the rest of
the N-compounds.
This classification differs from that used previously in
that PyTHQ is grouped here with the aromatic amines whereas it
was considered as a secondary amine in previous vapor phase
studies. Although ammonia (Y6) has a basicity comparable to
DHQ, it is treated as a separate species due to its volatil-
ity. As before we use KAA, KSA and KNH to represent the
3
adsorption equilibrium constants of aromatic amines, secondary
amines and ammonia. The rate expressions are then rewritten
as:
dYl klY5-k2Y1 (13)
dt P
dY2 k3Y4-k1 0Y2-k5Y2+k6A1Y3 (14 
""'2_ 3 4 0 2 k 2 1 3 (141dt - ,
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Table III-6
Basicity of Reaction Species
Similar Molecule I
with known Pkb
basicity
~~~r I I -j ~ -- 1. I-I
Secondary amine DHQ piperidine 3.89 I
I
n-hexylamine 4.44 1
Aromatic amine quinoline quinoline 1 10.06 ]
I I I
PyTHQ I N-methylaniline 10.22
I I
BzTHQ Pyridine 9.77
~I I I
IOPA Aniline 10.37
Amm Ia 5.73I 
I Ammonia I I 1 5.73 1
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dY3 k 4Y5+k 5 Y 2-k 6A 1 Y3 -kllA 2 3-k 7A 1 3 (15)
dt 
dY4 -k 8 Y4 +k 9 Y5 -k 3 Y4 +k 1 0 Y2 (16)
dt 4'
dY5 k Y 4 -k 9 Y5-k 4 Y -k +kll A Y3 (174= 8 4 9 5 4 5 10 5 11 1 3(17)
dt 4'
dY 6 k2 Y1 +k 7 AlY3 (18)
dt
where A1 = KSA/KAA, A2 = KNH3/KAA and =
Y1+Y2+Y4+Y5+A1Y3+A 2Y6 
III.4.3. Detailed Modelling in L-H type Kinetics
The above six equations were used to solve the eleven
rate constants simultaneously for the kinetic data measured on
the quinoline HDN reaction; some negative rate constants
resulted from the manipulation of the HJB method due to the
complexity of the reaction network. Neglecting rate constants
k10 and kll would produce similar results as shown in Appendix
IV. Therefore the reaction network was broken into three
zones as shown in Fig. III-13. The rate constants were built
up by using Q, BzTHQ as feeds separately. The sectionings of
Zones I and II are the same as in the procedure developed in
the previous vapor phase study. The treatment of the third
zone here involves the whole network, which differs from the
previous study (Satterfield and Gultekin, 1981), in which the
two reverse reactions between BzTHQ and DHQ were neglected and
-152-
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Figure 111-13:
The Sectioning of Quinoline Reaction Network
in the Kinetic Modelling
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only concentrations of Q and PyTHQ in the quinoline kinetic
data were used. The previous treatment of the third zone can-
not be used here because it sometimes produces a negative
activation energy or negative rate constant for step 4 in the
quinoline HDN reaction network. The following sections detail
the procedures used.
Zone I: Hydrogenitrogenation of alkylanilines
If the reaction intermediate o-propylaniline (OPA) is
used as the feed, k2 can be obtained by simple calculation.
It is important to know its values for the kinetic study of
the whole reaction network. OPA is not commercially available
and we have only a small amount which was synthesized in this
laboratory. Therefore, for most of the kinetic study o-
ethylaniline (OEA) was used instead, which is commercially
available.
In order to understand the hydrodenitrogenation of
alkylanilines in general two kinds of homologues, o-
ethylaniline and o-propylaniline, as well as p-ethylaniline
and p-propylaniline, were studied over catalyst #2 and under
typical HDN conditions at a pressure of 6.9 MPa and tempera-
ture of 3750C. The reaction is simplified as:
ki
alkylaniline - - hydrocarbons + ammonia
The kinetics can be written as a Langmuir-Hinshelwood
expression as follows
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KNH KNH
kit (1- K )l-yi ) - ( )lnYi (19)
where
ki is the rate constant of hydrogenating i.
t is the space time, KNH3 and Ki are the equilibrium
adsorption constants for ammonia and alkylaniline i.
Yi is the mole fraction of alkylaniline i.
Data were obtained over a range of space times and by
trial and error the value of the expression KNH3/Ki was deter-
mined that led to a single value of ki obtained over the range
of space times. The relative adsorptivity KNH3/Ki was
obtained this way for each of the compounds, OEA, OPA, PEA and
PPA. The results are listed in Table III-7, together with the
ratio of the rate constants.
Fig. III-14 shows one representative plot; for example,
to obtain a straight line the value of KNH /KOPA has to be
about 0.7. If the differences in their adsorptivity were
neglected, i.e., KNH /KOPA taken equal to 1, then the plot of
k versus curves upward for higher space time. By the same
KNH KNH KNH
procedures ,3 and are calculated to be 0.7, 0.5
KOEA KPEA KPPA
KNH
and 0.5 respectively. The relative adsorptivities, K and
OEA
KNH
IKO Pare the same for o-ethylaniline and o-propylaniline, both
OPA
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Table III-7
Hydrodenitrogenation of Alkylanilines
Reaction Conditions: 6.9 MPa, 3750 C, 5 wt% Q
IOEA, OPA
IHomologue
Relative
Adsorptivity
KNH3/KOEA
KNH3/KOPA
Ratio of Rate
Constants
I - I I 
KOPA/KOEA
I PEA, PPA Relative I KNH 3/KPEA 0.5
homologue Adsorptivity KNH/KPA .5K 3/KPpA 0
Ratio of Rate j KppA/KpEA 0.76
Constants
I I I I I
OPA = o-propylaniline
OEA = o-ethylaniline
PPA = p-propylaniline
PEA = p-ethylaniline
0.7 I
0.7 1
0.74
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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having an alkyl group in ortho position and the same holds for
p-ethyl and p-propylaniline as well.
The length of the alkyl group, ethyl versus propyl, has
no significant effect on the relative adsorptivity, but the
p-alkylanilines are more strongly adsorbed than the o-
alkylanilines. This presumably is caused by steric hindrance
of an alkyl group at the ortho position to the adsorption of
the nitrogen atom onto a catalyst site.
In the previous vapor phase study, KNH /KOPA was only
0.25, which is sustantially smaller than its corresponding
value in the liquid phase. This probably represents the
tempering effect of the liquid phase on adsorption. The rela-
tive rates of hydrodenitrogenation of the two ortho alkylani-
lines, kpA/kOEA, is the surprisingly close to that for the
two para alkylanilines, kppA/KpEA. The activation energy for
KOEA in the liquid phase, 91 kJ/mole, can be compared to the
activation energy for kp A in the vapor phase, 104 kJ/mole.
By using OEA as a feed, and making the following assump-
tions (i) KNH3/KOPA = KNH3/KOEA (ii) kOPA = 0.7 kEA (iii)
EOPA = EOEA; k2, E2, and KNH /KAA can be obtained for the
reaction network. In testing the sensitivity of the above
assumptions, it was found that a variation of k2 within 10%
gave a negligible effect on calculated product distribution
from quinoline HDN.
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Zone II: k5, k6 , k7 , kll and KSA/KAA
Using BzTHQ as feed, the amounts of Q and OPA found in
the product stream were always negligible, and PyTHQ amounted
to less than 5% of the BzTHQ feed for typical operating condi-
tions. But PyTHQ could amount to about 10% of the BzTHQ feed
at a higher temperature of 3900 C. If the two slow dehydroge-
nation reactions k1 0 and kll are neglected, k5, k6 and k7 are
calculated according to the simple scheme (i) as shown in Fig.
III-15. The rate expressions are formulated as follows:
dY2 -Y2k5+k6A1Y3
(20)dt Y2+A1Y3+A2Y6
dY3 k5Y2-k6A1Y3-k7A1Y3
dt Y2+A1Y3+A2Y6
dY6 k7A1Y3
dt Y2+A1Y3+A2Y6
With values of KNH3/KAA (i.e., A2 in the equations) from the
previous step, rate constants k5, k6 and k7 were calculated
through the HJB method (Himmelblau et al., 1967) by solving
three rate expressions (20), (21) and (22) simultaneously and
applying the BzTHQ kinetic data. A satisfactory choice of
KSA/KAA (i.e., Al in the equations) relies on the sensible
meaning of the resulting rate constants as well as the
corresponding Arrhenius plots.
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SCHEME (i)
SCHEME (ii)
SCHEME (iii)
BZTHQ DH k H.C.+NH3
FZYTHO
BZTHQ D-Q k - H.C.+NH3
k5 k74 
BZTHQ DHQ - H.C+NH3
*6
Figure III-15:
Schemes Tried for Zone II in Modelling BzTHQ
Kinetic Data
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If product PyTHQ is included in the modelling, either one
additional reaction kll or two additional reactions k4 and kll
are thus involved in the modelling, as shown by schemes (ii)
and (iii) in Fig. III-15. The rate constants k5, k6 and k7 do
not differ much among the three schemes used. The differences
are generally less than 5%, one example being shown in Table
III-8; the differences can be about 15% for the reaction
occurring at 3900 C.
Though scheme (iii) can produce two additional rate con-
stants k4 and kll by just including a small concentration of
PyTHQ in the modelling, the accuracies for k4 and kll are bad.
Since the concentration of PyTHQ is small, the amount of DHQ
produced through k4 is negligible. Therefore it is reasonable
to use scheme (ii) in estimating rate constant k.
Zone III kl, k3, k4, k8, k9, k 0 and KSA/KAA_
If the two slow dehydrogenation reactions are to be
neglected, the derivation of other rate constants can be sig-
nificant at the higher temperature of 3900 C. In order to
obtain good Arrhenius plot for the rate constants, k1 0 and kll
are kept in the simplified reaction network. The rate con-
stants kl, k3, k4, k8, kg9 , k10 and KSA/KAA were calculated
from kinetic data using quinoline as feed.
With known value of k2, k and k7 are calculated by
employing equations (13) and (18) respectively,
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Yl+k2 /Y1 /(Yi+Y2+Y4+Y5 +AlY3+A2Y6)dt
k1= A 1 f 5 /(Y 1 +Y 2+Y 4+Y 5+A 1Y 3+A 2 Y6 )d t (2
k Y1-k 2 /Y1 / (Y1+Y2+Y+Y4+Y5 +A1Y3+A2Y6)dt (24)
k7 AY 3/(Y 1+Y2 +Y 4+Y+AY 3 +A 2 Y6 )dt (24)
where A1 = KSA/KAA and A2 = KNH /KAA. The resulting values of
k7 were found to be close to the values of k7 obtained from
the previous step using BzTHQ as feed, as they should, one
example being shown in Table III-8.
In modelling, the accuracies of k3, k4, k8, k9, k1 0 and
kll are dependent not only upon the quality of the kinetic
data but also on the accuracies of other interrelated rate
constants kl, , k k6 and k7 obtained earlier. Four schemes
have been tried, as shown in Fig. III-16, to examine the sen-
sitivity of k3, k4, k8, k9 , k10 and kll towards the actual
mathematical manipulation in the process of kinetic modelling.
In scheme (i), k3, k4, k8, kg, k1 0 and kll can be solved by
substituting known kl,, k k6, and k7 into equation (14)
through (17), and employing the HJB method. Typically a nega-
tive k10 and a too large kll are resolved from such modelling,
which involves the four measured concentrations of Q, PyTHQ,
BzTHQ and DHQ from quinoline kinetic data and the six unknown
rate constants in the rate expressions. The accuracies of the
rate constants resolved from scheme (i) are doubtful. In
scheme (ii), the treatment is very similar to that used in
-162-
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Figure III-16:
Schemes Tried for Zone III in Modelling
Quinoline Kinetic Data (Rate Constants in
Boxes are Treated as Knowns in the Mathematic
Manipulation)
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scheme (i) except that kll was taken as the known rate con-
stant as obtained from Zone II. Scheme (iii) is similar to
scheme (ii) except for neglecting the slow dehydrogenation
step 10. In scheme (iv), both the dehydrogenation step k10
and kll are neglected.
One example is shown in Table III-8 of applying the four
schemes to treat quinoline kinetic data. As discussed above,
scheme (i) results in rate constants of doubtful accuracies.
Comparisons are made among results from scheme (ii), (iii) and
(iv):k4, k8, and k9 do not vary much among these three schemes
while k3 's have about a 20% variation; besides, k10 is
neglected in the modelling among the three schemes.
Thermodynamic equilibrium data are used to check k4 and
kll, with k4 produced from Zone III, and kll produced from
Zone II. The following equation
Cpy eq kPyTHQ eq 11
can be written, noting that the rate constants k4 and kll
include the dependence on hydrogen pressure. The calculated
ratio k4 /kll is close to the experimental value of
(CDHQ/CpyTHQ)eq obtained in the vapor phase (Cocchetto and
Satterfield, 1981). Due to such good comparison, an experi-
mental value of (CBzTHQ/CQ)eq is used to estimate k1 0 from the
known k3, one example being shown in Table III-8. The rate
-165-
constants k10 and kll are an order of magnitude smaller than
the other rate constants, and the inherent error can be quite
large.
A satisfactory choice of KSA/KAA again relies on the sen-
sible meaning of the resulting rate constants as well as the
Arrhenius plots of these rate constants. Values of 1,2,4 and
6 were tried, and 2 was the best. It provides all positive
rate constants and good Arrhenius plots.
In order to test the fitness of rate constants to experi-
mental data, simulated produce distributions were calculated
by substituting the eleven rate constants into the appropriate
equations and applying a Runge-Kutta routine. In the pro-
cedure of building up rate constants, kl, k2 and kll are
uniquely resolved, The final reported rate constants, one
example being presented in Table III-8, are chosen within
their 5 to 20% variation to present a better fit in applying a
Runge-Kutta routine.
For each of the three sets of kinetic data (0), (00),
(000) studied, eleven rate constants are thus obtained at each
of the temperatures 3500C, 3750C, and 3900 C. They are listed
in Table III-9, accompanied with the estimated deviations
within the assumed Langmuir-Hinshelwood model, which may be
the result of experimental error or the mathematical manipula-
tion employed.
-166-
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III.4.4. Consistency of L-H Type Modelling
The Arrhenius plots of rate constants k and k2 of the
three sets (0), (00), and (000) are shown in Fig. III-17.
Those of k5, k6, and k7 are shown in Fig. III-18; and those of
k3, k4, k8, kg are shown in Fig. III-19. Since the inherent
error are large for k10 and kll, their Arrhenius plots are not
shown here. In fact the activation energies are very similar
for the three sets. The hydrogenation reactions have activa-
tion energies between 18 kJ/mol to 91 kJ/mol while the hydro-
genolysis reactions have much higher activation energies from
174 kJ/mol to 187 kJ/mol; understandably the activation ener-
gies of dehydrogenation reactions are high, about 180 kJ/mol,
under hydrogen environment. The activation energies of k8 and
kg obtained from kinetic modelling do not have much meaning
because this reaction is essentially in equilibrium at all the
space times studied and the homogeneous reaction is signifi-
cant. Though the absolute values of k8 and kg are quite unc-
ertain, their ratio follows closely with the value of
(CpyTHQ/CQ)eq measured at thermodynamic equilibrium in liquid
phase; case (0) is shown in Fig. III-20.
The comparisons between simulated produce distribution
and experimental data are shown in Fig. III-21 for set (0),
with both BzTHQ and Q as feeds respectively at the three tem-
peratures; those for set (00) and set (000) are shown in Fig.
III-22 and Fig. III-23. Considering the simplicity of the
-168-
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model employed (except rate constants, KSA/KAA is the only
variable), the complexity of the reaction network and the sus-
ceptibility of the catalyst activity, those comparisons
between simulated produce distribution and experimental data
are very good.
Another way to test the consistency of the rate constants
is that the multiple of k4k6 k8 k1 0 should be equal to that of
k3 k5 k9kll. Indeed for all nine sets of rate constants these
were quite close.
Thermodynamic equilibrium data again are used to check
the calculated rate constants of a reversible reaction between
BzTHQ and DHQ. Tor data set (0), the calculated k5/k6 are
compared with the experimental value of (CDHQ/CBzTHQ)eq
obtained in the vapor phase (Cocchetto and Satterfield, 1981)
at three temperatures, as shown in Fig. III-24. The good com-
parison is extra support for the values of the rate constants
obtained.
III.5. Interpretation of Rate Constants
III.5.1. Hydrogenation Reactions
The relative magnitude of the rate constants in the reac-
tion network can be rationalized by their molecular structures
and adsorptivities onto catalyst surface. This provides addi-
tional support for the kinetic model used here.
-176-
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The larger the resonance energy of a molecule, the more
difficult it is to hydrogenate it. Hydrogenation of Q to
BzTHQ or Q to PyTHQ results in the loss of 26 kcal/mole of
resonance energy; hydrogenation of PyTHQ to DHQ, or BzTHQ to
DHQ results in the loss of 43 kcal/mole resonance energy.
These are estimated by the resonance energies of related
molecules, as shown in Table III-10(a) and (b).
From a resonance energy point of view, k8 and k3 should
be comparable, and k4 and k5 comparable. But actually k8 is
larger than k3, and k5 is larger than k4. This can be ration-
alized by hypothesizing that catalyst surface contains vacan-
cies and Bransted acid sites as catalytically active sites,
the vacancies and nearby chemisorbed hydrogen atoms being
responsible for hydrogenation and hydrogenolysis reactions,
while Bransted acid sites on the surface facilitate hydrogeno-
lysis and ring isomerization (see next chapter). The access
of a molecule to the catalyst surface is dominated by the
molecule's basicity. When quinoline is adsorbed onto the
catalyst surface through the interaction of its nitrogen lone
pair electrons with a surface vacancy, the hydrogenation of
its pyridine ring should occur readily. For the hydrogenation
of the benzene ring to occur would probably require a second
nearby vacancy. Adsorption of the benzene ring without
adsorption of the heterocyclic ring would seem to be much less
possible.
-178-
Table III-10
(a) Resonance Energy of Reaction Intermdiate
Resonance Energy*
(kcal/mole)
By structural
analogy
I I
Q 69
t -I
Pyridine 43 BzTHQ
-l~~~~~~ l~ ~ 3H 7
Aniline 43 PyTHQ , OPA NH
DHQ 0
* Pauling (1960)
(b) Change in Resonance Energy for Specified Reactions
Reaction Resonance Rate
Energy Constants
(kcal/mole) (mole/g-cat. hr.)
Q -PyTHQ 
-26 k8 = .135
Q -BzTHQ 
-26 k3 = .016
BzTHQ -4DHQ -43 k5 = .016
PyTHQ -DHQ -43 k4 = .0040
OPA -2-propylcyclohexylamine 
-43 k2 = .0070
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This explains why k8 is one order of magnitude larger
than k3, while both should be comparable from the point of
losing resonance energy upon hydrogenation. The same argument
holds true for k5 and k4, as shown in Table III-10(b).
Both hydrogenation of PyTHQ and hydrogenation of OPA
involve the hydrogenation of their benzene ring. Therefore
their reaction rates should be comparable. Indeed this is the
case as shown in Table III-10 (b). If PyTHQ is taken as
secondary amine as in the previous case in vapor phase study,
the hydrogenation of OPA is predicted to be much faster than
the hydrogenation of PyTHQ. The similarity of the rate con-
stants k2 and k4 provides another support to categorize PyTHQ
as aromatic amine in addition to the argument based on basi-
city.
III.5.2. Hydrogenolysis Reactions
The two hydrogenolysis reaction constants k and k7 are
smaller than the hydrogenation rate constants, and are the
rate limiting steps in the HDN reactin network of quinoline.
This is because they require higher activation energies, from
174 kJ/mol to 187 kJ/mol, compared to from 18 kJ/mol to 91
kJ/mol for hydrogenation reactions. For all the cases being
studied, k7 is almost twice kl, as shown in Table III-9. A
rationalization is that one of the C-N bonds in PyTHQ is in
resonance with the benzene ring, which inhibits its hydrogeno-
-180-
lysis.
III.5.3. Effect of Concentration to Rate Constants
Rate constants agreed closely from the two duplicate sets
(0) and (00) but were slightly different when calculated from
set (000) in which 1 wt% quinoline or equimolar quantities of
other species were used instead of 5 wt% quinoline.
It has been shown that quinoline HDN conversion is
independent of the feed concentration with 5 wt% Q or 1 wt% Q
studied over catalyst #2, such data again shown in Fig. III-25
(a), accompanied with product distributions in Fig. III-25(b).
The product distributions of DHQ and BzTHQ are slightly dif-
ferent among the two feeds. The small differences may be sim-
ply due to an experimental artifact, or due to a slightly
slower hydrogenation between BzTHQ and DHQ in the case of 1
wt% Q. In the experimental section, it has been suggested
that mass transfer of quinoline in catalyst pore can be res-
tricted to a small extent in a fast hydrogenation step if 1
wt% quinoline is employed. However total HDN conversion is
not affected by such restriction because the two rate limiting
steps are free of any mass transfer limitation.
However the complete set of kinetic data (000) was
obtained on catalyst #3, which had twice the weight of
catalyst #2, and required twice the gas and liquid flow rates
of catalyst #2 as well. It appears that catalyst #3 had a
-181-
0 100 200 300 400 500 600 700
SPACE TIME, HR- 9 CAT/MOL Q
Figure III-25: Comparisons of Quinoline HDN Results between 5
wt% Q Feed and 1 wt% Q Feed - Catalyst #2
_J
0o
CD
CD
=-
40
30
20
10
0
£0
0
-110
--
-
CD
rn
50
40
30
20
10
-182-
_J
E 40
30
20
= 10
0
60
J
r- 40
%-CD
0- 30
i-
= 20
10
10
0 100 200 300 400 500 600 700
SPACE TIME, HR- 9CAT/MOL Q
Figure III-26: Comparisons of Quinoline HDN Results between 5
wt% Q Feed and 1 wt% Q Feed - Catalyst #3
-183-
slight deactivation when set (000) was measured, which can be
seen from Fig. III-26(a). The product distributions of 1 wt%
Q derivates more from those of 5 wt% Q, as shown in Fig. III-
26(b), as compared to the data on catalyst 2. The slight
deactivation might be caused from the high flow rates employed
(Remember that all the studies in this chapter did not have
CS2 present in the feed).
Nonetheless, the rate constants of set (000) do not vary
much from those of set (0) or (00). The slight differences
are possibly from (1) an experimental artifact, (2) a slight
degree of deactivation of the catalyst, (3) diffusion limita-
tion of quinoline in catalyst pore for fast hydrogenation
step, but (4) they could reflect slight deviations from
assumption that the reaction of each species is first order
with respect to its adsorbed concentration, and that adsorp-
tion equilibrium constants are independent of concentration.
III.6. Comparison of Quinoline HDN in Liquid Phase and Vapor
Phase
The quinoline HDN reaction in the liquid phase obtained
from a trickle bed operation, may be compared with the vapor
phase reaction which was completed previously (Satterfield and
Cocchetto, 1981). For both studies, Cyanamid HDS-3A catalyst
was used. In the vapor phase operation, catalyst is directly
contacted with quinoline vapor and hydrogen, while in the
-184-
liquid phase catalyst is surrounded by a film of liquid con-
sisting mainly of a liquid carrier and a small amount of
quinoline, which in turn is in contact with the hydrogen
phase. A typical liquid feed consists of 5 wt% quinoline in
liquid carrier and a typical feed in the vapor phase consisted
of 0.10 mol% quinoline in hydrogen.
The rate of HDN reaction in either phase (e.g., moles Q
per hour per gm of catalyst) is essentially independent of the
concentration of the reactant, i.e., zero order. It is
noteworthy that at the same temperature and pressure the pro-
duct distribution from vapor phase or liquid phase reaction as
a function of space time differs only slightly, as shown in
Fig. III-27. The presence of the liquid carrier seems to
influence the reaction only in a minor and indirect way.
A comparison of the rate constants for liquid-phase and
vapor phase reaction is made in Table III-11. The previous
vapor-phase data have been recalculated in terms of the
present Langmuir-Hinshelwood kinetic model. Categorizing
PyTHQ as an aromatic amine instead of a secondary amine
increases the values of kl, k4 and kg about three to four
fold, but has little effect on other rate constants. The
present model, without simplification in Zone III, improves
the Arrhenius plots of k4 and k9 , and provides a good com-
parison between k/kg and (CpyTHQ/CQ)eq. However the same
values of the best-fit ratio of KSA/KAA and KNH /KAA namely 6
-185-
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Table III-11
Comparison of Kinetic Rate Constants in Vapor Phase
and liquid Phase Reaction
6.9 Mpa, 375C. No H2S added during reaction.
Vapor Phase Liquid Phase
Feed Pquinoline i 5 wt% quinoline,
= 3.3 kPa set (0)
KNH3/K AA 0.25 0.7 I
i KSA/KAA 6 2
Rate Constant
(mol/hrg-cat.)
Ikl 0.00060 i 0.00090
k2 i 0.0052 i 0.0070
1k3 0.018 0.018
k4 0.0080 0.0040
k 5 i 0.029 i 0.016
1k6 i 0.0021 1 0.0030
k7 i 0.0012 0.0015
Ik8 0.056 0.135
k9 0.0096 0.018
k10 0.0007 I 0.0007
kl1l 0.0003 1 0.0003
5HDN atHDNat 34% 40%
500 hr g-cat/mol Q
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and 0.25, are obtained by either previously or current model
for vapor phase data. Sonnemans et al. (1973) studied the
competitive adsorption among pyridine, piperidine, and ammonia
in the vapor phase, on an oxide form of molybdena/alumina
catalyst in a range of 250 to 3000 C. They found that the
ratios of Kpiperidine/Kpyridine and KNH /Kpyridine to be 6.1
and 0.23, respectively, essentially the same as the equivalent
ratios obtained here.
The principal observations from Table III-11 are that the
liquid phase significantly alters relative adsorptivities and
that hydrogenolysis reactions appears to be slightly slower
and hydrogenation reactions slightly faster in the vapor
phase. The presence of liquid carrier tends to equalize
adsorptivities among N-compounds. In the vapor phase, hydro-
gen may be adsorbed to the catalyst surface more readily than
in a liquid film. The sulfided catalyst may arrive into
steady state structure slightly different in the vapor phase
than in the liquid phase operation. The susceptibility of the
sulfide NiMo/A1203 catalyst will be discussed in Chapter VI.
CHAPTER IV
The Effect of H2S on Quinoline HDN
in a Trickle Bed Reactor
IV.1. Introduction
In previous vapor phase studies it was shown that the
rate of catalytic hydrodenitrogenation (HDN) of pyridine or
quinoline is increased in the presence of H2 S (Satterfield and
Gultekin, 1981). It was also shown that the increase of HDN
conversion reached a plateau when H2S appears in an equimolar
amount with quinoline, and such behavior was not well under-
stood. In a detailed kinetic analysis with equimolar amounts
of H2S and quinoline in the vapor phase, they also found that
H2S slightly inhibits hydrogenation while significantly
enhancing hydrogenolysis in the reaction network of quinoline
HDN.
In the present work, the effect of H2 S on the quinoline
HDN reaction was studied in the liquid phase in a trickle bed
reactor. Various concentrations of H2 S were used in the
kinetic study of the quinoline HDN reaction. An attempt was
made to investigate whether only a limited amount of H2S in
the reactor is necessary to exert its complete influence on
the quinoline HDN reaction, i.e., whether H2S beyond certain
concentration does not further affect the reaction. The
-188-
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effect of H2 S on the isomerization of propylcyclohexene in
quinoline HDN are also studied. The nature of catalytic sites
was proposed to explain how the presence of H2S affects each
individual reaction in the quinoline HDN reaction network.
IV.2. Catalyst Activity
The studies reported on here were carried out in the same
trickle-bed apparatus, using the same NiMo catalyst and pro-
cedures previously described, except that CS2 was added to the
feed in various concentrations. CS2 rapidly reacts with
hydrogen to generate H2S in situ.
Most of the kinetic data were taken with catalyst charge
#3, and a small amount of data were obtained on catalyst
charge #2. The same two catalyst charges were also used to
generate the kinetic data in the absence of H2S in Chapter
III. The presulfiding procedure and routine resulfidation of
these two catalysts have been described there. Some studies
on the pressure dependence of quinoline HDN were carried out
on catalyst #6, which followed a similar presulfiding pro-
cedure and routine resulfidation except that it was presul-
fided for a longer duration. Catalyst #6 had a higher steady
state activity than catalyst #2 or #3; that will be discussed
in Chapter VI. All the data reported here were obtained after
the catalyst charges had reached steady-state activity.
-190-
IV.3. Results
IV.3.1. Effects of CS2 concentration
Fig. IV-1 shows that addition of a small amount of CS2 to
the quinoline markedly increases the percent HDN under
representative reaction conditions. The percent HDN reaches a
broad maximum plateau value at about 1.5 wt% CS2 in the feed,
then decreases from the maximum value slightly at 5.89 wt%
CS2, however the product distribution continues to be affected
largely with respect to OPA and DHQ. The HDN conversion does
not change much at 1.47 or 5.89 wt% CS2 in feed, a value of
71.5% versus 68%, but their product distributions differ
drastically, as shown in Fig. IV-2. As CS2 is added to the
feed, the amount of DHQ produced significantly decreases while
the amount of OPA increases, which can be seen in Fig. IV-3.
Apparently two opposite effects are occurring that result
in about the same overall degree of HDN. The data suggest
that hydrogen sulfide increases the rate of DHQ hydrogenolysis
to form propylcyclohexylamine which is readily converted to
hydrocarbons and ammonia, and increases the hydrogenolysis of
PyTHQ to form OPA. However the denitrogenation of OPA is
rate-controlled by the hydrogenation of its aromatic ring
which is inhibited by the presence of hydrogen sulfide.
As mensioned in the previous chapter, a very small amount
of methylpropylcyclopentane (MPCP) is formed in the quinoline
-191-
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HDN reaction netwrok with the absence of CS2 in the feed. The
formation of MPCP is through the ring isomerization of propyl-
cyclohexene which undergoes hydrogenation to propylcyclohexane
dominantly. The presence of 1.47 wt% CS2 in feed signifi-
cantly increases the ratio of MPCP/PCH from 0.025 to 0.14, as
shown in Fig. IV-4. The ring isomerization is therefore
enhanced by H2S. The ratio of MPCP/PCH is about 0.02 when CS2
appears in an extremely high concentration in feed, i.e., 5.89
wt%. The low ratio is related with the plugging problem, and
will be discussed later.
The change in catalyst activity by the presence or
absence of CS2 is completely reversible, as shown in Fig. IV-
5. Typically, the catalyst activity is checked by a standard-
ized test under 6.9 MPa and 3750 C, using a 5 wt% Q feed and
space time 269 hr gcat/mol Q. The dashed line reproduces the
results of the standardized test in the absence of CS 2 on
catalyst 2 and 3. With both catalysts the addition of CS2
to the feed causes an increase in the % HDN, but the conver-
sion drops to its former value when CS2 is absent.
The effect of CS2 should be primarily associated with the
partial pressure of H2S present or the mole ratio of H2S to
H2. If it is assumed that all CS 2 is converted to H2S and H2
consumption is neglected, the data points for catalyst #3 on
Fig. IV-1 for 0.59, 1.47 or 5.89 wt% CS2 in the feed
correspond to mole ratios of H2S to H2 of 0.0017, 0.0042 and
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0.0168, respectively. These data are presented in the mole
ratio form and compared to previous studies in the vapor phase
at the same temperature, pressure and contact time as shown in
Fig. IV-6. The amount of reaction and the enhancement effect
of the partial pressure of H2 S on HDN is seen to be very simi-
lar in the two phases.
IV.3.2. Kinetic Analysis
The detailed kinetics of the quinoline HDN network in the
presence of sulfur were studied with four sets of data, in
which the CS2 present in the feed was zero, 0.59 wt%, 1.47
wt%, or 5.89 wt%, as listed in Table IV-1. These are symbol-
ized as set (0), (1), (2), and (3) respectively. Set (0) is
taken from the previous chapter. The data were all taken with
catalyst 3 at the times shown on Fig. IV-7. With each set,
the feed consisted of 5.0 wt% quinoline, 5.2 wt% BzTHQ or 4.7
wt% OEA, which correspond to the same molar concentrations.
Studies were at 6.9 MPa, at a gas-to-liquid ratio equivalent
to 9000 SCF H2/bbl oil, and at 350, 375, and 3900 C except for
set (3).
For set (3) data were taken at 375C and partially at
3500C, but the run then had to be discontinued because of
reactor plugging, discussed below. The reaction network and
method of analysis are the same as those used in Chapter III,
which treats studies in the absence of H2 S.
-198-
Table IV-1
Experimental Conditions
for Liquid Phase Quinoline HDN with H2S present
I I I I .
I Set Feed I Catalyst I CS2 mol/Q mol
I 1 5.0 wt% Q
I (0) 5.2 wt% BzTHQ #3 0
I 1 4.7 wt% OEA
I 1 5.0 wt% Q + 0.59 wt% CS 2 I
I (1) 5.2 wt% BzTHQ + " 0.2
4.7 wt% OEA + 
I I I
I 5.0 wt% Q + 1.47 wt% CS2
(2) 5.2 wt% BzTHQ +
( 4.7 wt% OEA + #3 0.5
5.0 wt% Q + 5.89 wt% CS2
(3) 5.2 wt% BzTHQ + " 
4.7 wt% OEA + I #3 2.0
6.9 Mpa, 9000 SCF H2/bbl oil.
Each feed was studied at three temperatures: 350, 375, and 390
except for case (3), in which only 350 and 375°C were studied.
)°C,
l
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Table IV-2 summarizes the calculated values of the rate
constants. The same values of KSA/KAA and KNH /KAA, namely 2
and 0.7, found in the absence of CS2, also provided the best
fit for the present data. These rate constants of set (1),(2)
and (3) have good Arrhenius plots, which are shown in Fig.
IV-8 for k and k2, Fig. IV-9 for k5, k6 and k7 and Fig. IV-10
for k3, k4 k8 and kg.
The comparison of experimental data with simulated pro-
duct distributions calculated from the model rate constants by
Runge-Kutta method showed that the model was satisfactory.
Such comparison of set (1) is shown in Fig. IV-11, set (2) in
Fig. IV-12, and set (3) in Fig. IV-13. The data for set (3)
are probably less accurate because of the plugging problem.
IV.3.3. Effects of H2S on Hydrogenation and Hydrogenolysis
The rate constants at 3750C are plotted against the
amount of CS2 in the feed in Fig. IV-14 for the significant
hydrogenation and dehydrogenation reactions and in Fig. IV-15
for the hydrogenolysis reaction. Values of k8 and kg are not
shown, since they are relatively inaccurate although their
ratio could be accurately determined. The constants k1 0 and
kll, for the reverse dehydrogenation reactions, are likewise
omitted because their accuracy was considerably less than that
of the other constants.
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It is seen that when CS2 is present in small amount,
e.g., 0.59 wt% or 1.47 wt%, it has little inhibiting effect of
the hydrogenation reactions, but with 5.89 wt% CS2 in the
feed, hydrogenation reactions are significantly inhibited.
The hydrogenolysis reactions are greatly enhanced with an
increasing amount of CS2 in the feed. The HDN conversion is
about the same with either 1.47 wt% or 5.89 wt% of CS2 present
in feed. The value of the hydrogenation rate constants rela-
tive to one another are not markedly affected by changes in
H2 S content or temperature, but the ratio of a hydrogenolysis
rate constant to a hydrogenation rate constant is markedly
affected. Increase temperature and increased CS2 have oppo-
site effects on such a ratio. Fig. IV-16 shows that the ratio
of a hydrogenolysis rate constant to a hydrogenation rate con-
stant is about proportional to CS2 concentration.
At 3750 C in the absence of H2S the slowest reaction is
the hydrogenolysis of PyTHQ to OPA, k1. With 5.89 wt% CS 2 in
the feed k1 is substantially increased and hydrogenation reac-
tions are reduced, such as the hydrogenations of PyTHQ and
OPA, i.e., k2 and k4. Thus the amount of OPA present
increases and that of DHQ decreases. The presence of CS2
slightly increases the concentration of PCHE and decreases
that of PB but has no noticeable effect on the ratio of
saturated to unsaturated hydrocarbons in the produce, as shown
in Fig. IV-17. In all cases the saturated cyclic products are
dominant. These are propylcyclohexane and
-2 12-
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propylmethylcyclopentane.
Table IV-3 lists activation energies for the rate con-
stants 1 through 7 in the presence and absence of CS2. The
latter are the values determined from data set (0), and the
former from set (1). These were determined from Arrhenius
plots, which showed good straight lines. Also shown are
activation energies from the previous vapor-phase studies in
the presence of H2S (Satterfield and Gultekin, 1981) with the
data re-analyzed in terms of current modified model (see
Appendix V). It is evident that the activation energies for
the hydrogenation reactions (2 through 6) are not markedly
affected by the presence of CS2, but those for the hydrogeno-
lysis reactions (1 and 7) are significantly reduced. The
values for vapor phase reaction are comparable to those for
the liquid phase. The significant change of the activation
energies for hydrogenolysis reactions suggests that different
catalytic sites are involved in these reactions with the pres-
ence of H2S.
IV.3.4. Plugging Problem
In some of the studies with BzTHQ it was found that the
reactor pressure drop gradually increased and finally the
reactor became completely plugged. This occurred only in the
presence of CS2 and at short space-times, for example with a
solution containing 5.16 wt% BzTHQ and 1.47 wt% CS2 being fed
-215-
Table IV-3
Activeation Energies, kJ/mol.
Data at 6.9 MPa
Liquid Phase Vapor Phase
set (0) set (1) PPQ = 13.3 kPa,
I Reaction No CS2 0.59 wt%
Added CS2 PPH2S = 13.3 kPa
1 174 107 112
2 91 93 104
3 85 85 65
4 56 52 73
5 18 28 33
6 185 178 176
7 187 123 127
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to the reactor operating at 6.9 MPa, 3750 C, and 37 or 47 g-cat
hr/mol BzTHQ. The plugging first occurred on catalyst #2,
after it had been on stream for 650 hours with steady
activity, with feeds of Q and CS2. Upon switching to BzTHQ
and CS2 feed, the catalyst lost activity within a few days.
With catalyst #3, the same plugging phenomenon occurred
again. During this time a mass balance on heterocyclic N com-
pounds in and out of reactor showed a loss of about 10%.
Flushing the reactor with a solvent consisting of 50% xylene
and 50% liquid carrier under hydrogen flow eliminated the
plug, but simultaneously a significant amount of DHQ was
detected in the exit solvent. After flushing, the reactor
pressure drop reduced to its normal value, and the catalyst
activity was completely restored. It appears that this plug-
ging is caused by some kind of polymerization related to the
conversion of BzTHQ to DHQ.
The compound A1- piperidiene, an imine, does not exist
solely in a monomeric form (Sdhopf, et al., 1948), but forms
two trimers that are geometric isomers, termed d- and -
tripiperidienes, which exist in equilibrium with the monomer,
3 Q h23 + h2
A similar reaction could occur from the compound
-217-
3,4,5,6,7,8,9,10-octahydroquinoline, which is a probable
intermediate when BzTHQ is hydrogenated to DHQ.
3 
Plugging could well be caused by the gradual accumulation of a
solid trimer of this type, which could depolymerize and dis-
solve in the presence of a solvent.
The plugging problem occurred only with BzTHQ as a feed,
with a large amount of CS2 (5.89 wt%) present and under high
flow operation. With the high CS2 content, hydrogenation is
significantly hampered, which could allow the formation of a
greater amount of 3,4,5,6,7,8,9,10-octahydroquinoline than
normal and hence increase the degree of formation of the tri-
mer by polymerization reaction instead of continuing hydroge-
nation to DHQ. A stronger acidic form of Bransted site on the
catalyst (see later) could also enhance this polymerization
reaction. Upon flushing the reactor with solvent under hydro-
gen flow, the polymerization reaction is reversed and the
hydrogen further hydrogenates octahydroquinoline to DHQ.
In the five membered ring series, Lttringhaus et al.
(1959) also found that -1_ pyrroline forms a trimer, tripyrro-
line.
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The trimer formed on a catalyst surface could be a coke
precursor, and the polymerization of an imine in general may
be one of the problems encountered when heavy oil or coal
liquids are processed.
IV.3.5. Effect of a Hydrogen Donor Liquid
Tetralin is an excellent homogeneous hydrogen donor and
is representative of compounds that act as hydrogen donors in
coal liquefaction processes. It might be expected that it
could enhance HDN reactions, so its effect on quinoline HDN
was studied here using two concentrations, 5 wt% or 40 wt% in
the liquid. All runs were made with 5 wt% quinoline and 0.74
wt% CS2 in the feed, with the same sulfided NiMo catalyst pre-
viously used and at 6.9 MPa and 3750C.
At a space time of 500 g-cat hr/mol quinoline, the total
HDN was 65% using the usual paraffin carrier liquid, 62.5%
when the carrier contained 5% tetralin and 56% when the car-
rier contained 40 wt% tetralin, as shown in Fig. IV-18. Only
4.5 to 5% of the tetralin itself was hydrogenated.
Studies were also made with OEA (o-ethylaniline) with 5
wt% or 40 wt% tetralin in the carrier. The HDN conversion of
OEA was not noticeably affected with 5 wt% tetralin, but
decreased from 38.5% to 31.5% with 40 wt% tetralin present.
We conclude that tetralin does not function significantly
as a hydrogen donor to enhance hydrogenation reactions in the
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quinoline HDN network, but instead it inhibits the HDN reac-
tions, presumably by adsorption competition with quinoline and
reaction intermediates. Although tetralin is a relatively
neutral molecule, its adsorption is significant, whereas that
of paraffins is negligible. The boiling point of tetralin
(2070C at atmospheric pressure) is approximately 800 C below
that of the paraffin carrier and is less than that of quino-
line (2380 C). It is anticipated that similar three-ring com-
pounds would have an even greater inhibiting effect.
IV.3.6. Effect of Hydrogen Pressure
Shih et al., (1977) reported that the % HDN of quinoline
increased to a maximum at 6.9 to 10.5 MPa and then decreased
slightly at 14.0 MPa. Such an effect has not been reported
elsewhere. The effect of pressure on % HDN was studied here
using a feed of 5 wt% quinoline, in the absence or presence of
CS2 and at two space-times with results shown on Fig. IV-19.
The catalyst charge 6, had a somewhat higher activity than
catalysts 2 or 3 because of the particular sulfiding procedure
used, and had reached steady-state activity before these data
were taken.
The degree of conversion increases with hydrogen pressure
and, in the presence of CS2 and at the longer space-times,
reaches a plateau value of about 93%. Quinoline and PyTHQ are
essentially in equilibrium in the overall reaction and the
-221-
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leveling off may be associated with the fact that the quino-
line ratio of PyTHQ/(PyTHQ + Q) approaches unity at this tem-
perature and 14.0 Mpa as shown in Fig. IV-20. Frost and Jen-
sen (1973) reported the HDN rate constant for quinoline at
6850 F to increase with pressure in studies at 4.2, 6.9 and 9.6
MPa and Qader et al., (1968) in studying hydrotreating of a
coal tar reported that the % HDN at 4000 C increased with pres-
sure, reaching a plateau value corresponding to a high degree
of conversion at 13.7 MPa.
IV.4. Nature of the Active Sites
In order to explain kinetic data for hydrodesulfurization
or hydrodenitrogenation, several researchers have found it
necessary to postulate the existence of two kinds of catalytic
sites on sulfided CoMo/A1203 or NiMo/A1203 catalysts. In a
detailed study of the thiophene HDS reaction network, Desikan
and Amberg (1964) proposed two kinds of sites to exist on sul-
fided CoMo/A1203 catalyst: one is responsible for olefin
hydrogenation and thiophene HDS, and it has strong affinity
for thiophene and pyridine; the other is weakly electrophilic
and it facilitates hydrogenolysis of hydrothiophenes. Later
Satterfield et al. (1975), studying the simultaneous HDS of
thiophene and HDN of pyridine, proposed two catalytic sites to
exist on a sulfided CoMo/A1203 catalyst; one type is active
for HDS and very sensitive to poisoning by nitrogen bases,
while the other is much less active for HDS, and less
-224-
susceptible to poisoning.
Here again two kinds of catalytic sites are proposed to
explain the results: Site I is a sulfur vacancy associated
with the molybdenum atom while Site II is a Bransted acid
site, either from an added promoter (e.g., phosphate) or from
the dissociation of H2S. We postulate that sulfur vacancies
are responsible for hydrogenation and hydrogenolysis reac-
tions, while Bransted acid sites are responsible for hydro-
genolysis and ring isomerization. Adsorption and dissociation
of an H2 S molecule can convert a sulfur vacancy to a Bransted
acid site plus a sulfhydryl (SH) group as shown on Fig. IV-21,
but the adsorption is readily reversible if H2S is removed
from the reaction system. Maternova (1982) has recently esta-
blished the existence of SH groups on a sulfided commercial
CoMo/A1203 catalyst by a technique involving adsorption of
silver ions from a pyridine solution. The dissociation of H2S
is similar to the dissociative adsorption of water onto a
zeolite or alumina, in which a surface vacancy is converted to
a Bransted acid site. Voorhoeve (1971) demonstrated by an
e.s.r. study that the number of vacancies on sulfided
NiW/A1203 catalyst decreased with an increase of H2S partial
pressure when the catalyst was exposed to an H2 S/H2 environ-
ment.
Catalytic activity has been correlated with concentration
of surface vacancies for a number of reactions. For example,
-225-
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Voorhoeve (1971) related the e.s.r. signal of a sulfided
NiW/A1203 catalyst to activity for benzene hydrogenation.
Lipsch and Schuit (1969) proposed a mechanism of thiophene
hydrodesulfurization on CoMo/A1203 related to surface vacan-
cies. Tanaka and Okuhara (1977) suggested a correlation
between coordination on the surface and hydrogenation and iso-
merization of olefins.
The hydrogenation of a heterocyclic molecule, adsorbed on
a vacancy, is facilitated by neaby chemisorbed hydrogen atoms,
and/or by hydrogen from the SH group. A similar vacancy could
also be responsible for a hydrogenolysis reaction if chem-
isorbed hydrogen and/or a SH group are nearby. (There may be
different kinds of vacancies having relatively different
degree of activities for hydrogenation and hydrogenolysis.)
Hydrogenolysis and ring isomerization can occur on Bransted
acid sites.
The presence of hydrogen sulfide during reaction reduces
the number of sulfur vacancies and increases the number of
Bransted acid sites. In the presence of H2S we observed a
slight reduction in the hydrogenation rate but a significant
increase in the hydrogenolysis rate in the quinoline HDN net-
work. Furthermore the activation energy for the hydrogeno-
lysis reactions drops considerably; that of k1 is reduced from
174 kJ/mole to 107 kJ/mole, and that of k7 from 187 kJ/mole to
123 kJ/mole. This suggests that the Bransted acid sites are
-227-
more active for hydrogenolysis than vacancies.
In the presence of H2 S, the ring isomerization of propyl-
cyclohexene is also enhanced; such isomerization is facili-
tated by the Bransted acid sites on the catalyst surface. But
when CS2 appears in an extremely high concentration, i.e.,
5.89 wt% the isomerization of propylcyclohexene is hampered by
the ploymerization of octahydroquinoline. The Bransted acid
sites required by the isomerization reaction have been preoc-
cupied by polymerization which occurred early in the network.
The pairs of Bransted acid H+ and -SH group, and some of
the weakly bonded sulfur can be removed upon purging under
helium or under HDN conditions, as has been observed. The
nonstoichiometry of sulfided HDS catalysts and its effect on
reactivity is discussed in Chapter VI.
To be strictly consistent with the above interpretation,
a mathematical model should allow for more than one kind of
site, but development of such a model from the present data
did not seem to be meaningful in view of the complexity of the
reaction network. Our model treats only one kind of site, in
which we can visualize all molecules competing for surface
vacancies for hydrogenation and hydrogenolysis. The chem-
isorbed hydrogen is lumped into the rate constant of hydroge-
nation, and the rate constant of hydrogenolysis is a function
of vacancies as well as Brdnsted acid sites, but no attempt is
made to bring this into the model.
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IV.5. Discussion of CS2 effects
The effect of H2S was studied with catalyst #2 after
steady state had been reached, using 0.30, 0.74, 1.47 and 2.74
wt% of CS2 in feed respectively, as shown in Fig. IV-22. CS2
enhances the overall HDN activity, a plateau being reached
with about 1.5 wt% CS2 in feed. Under the same operating con-
ditions with catalyst #3, a similar enhancing effect has been
shown in Fig IV-l, here again shown in Fig. IV-22 for com-
parison. The enhancement on catalyst #2 is significantly
higher than catalyst #3. The difference is not caused by
activation procedures, since the two catalyst beds had essen-
tially the same activity in the absence of CS2, which can be
seen in Fig. III-1.
Catalyst #3 had twice the weight of catalyst #2. Under a
fixed operating conditions, i.e., a space time of 494 hr
gcat/mol Q and gas to liquid ratio of 9000 SCF H2/bbl oil, a
doubled liquid flow rate was employed with catalyst #3. That
the acceleration by CS2 is lowered on catalyst #3, may be
explained by the following two alternatives both related with
the higher flow rate catalyst #3 employed.
It has been assumed that CS2 is hydrogenated to hydrogen
sulfide and methane very rapidly and completely in the reac-
tor. A lower concentration of H2 S produced at a higher flow
rate may be caused by side reactions occurring with CS2. The
following are possible (Kirk-Othmer, 1964):
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CS2 + 2 H2 ) CH2(SH)2
CS2 + 3 H2 '- CH3SH + H2S
2 CS2 + 6 H2 - - (CH3)2S + 3 H2S
A lower concentration of H2S in turn exerts less effect on the
catalyst that was observed on catalyst #3.
It has been suggested that H2S, under HDN reaction condi-
tions interacts with sulfur vacancies on the catalyst surface
to produce Brfnsted acid sites. Such interactions may not
always be at thermodynamic equilibrium, instead it reaches a
steady state under each liquid flow rate employed. At a lower
liquid flow rate, the steady state conversion of H2S to
Bransted acid sites is relatively higher, that results a
higher % HDN over catalyst #2.
CHAPTER V
Simultaneous HDO/HDN of Model Compounds
in a Trickle Bed Reactor
V.1. Introduction
synthetic liquid fuels derived from coal, oil shale, and
tar sands contain significant amounts of sulfur and nitrogen
compounds.
An extensive literature exists on hydrodesulfurization
(HDS), a lesser amount on hyrodenitrogenation (HDN), but rela-
tivelly little attention has been paid to how oxygen species
may affect HDS or HDN or the nature of the reaction networks
of hydrodeoxygenation. Furimsky (1978, 1979) studied the
hydrodeoxygenation of a heavy hydrocracked gas oil from hydro-
cracking of Athabasca bitumen, Qader et al., (1968) of a low
temperature coal, Sullivan et al., (1978) of shale oils.
Badilla Ohlbaum et al. (1979a, 1979b) and Rollmann (1977) stu-
died the simultaneous HDS, HDN and HDO reactions occurring in
a mixture of several model compounds. In both cases dibenzo-
furan was used to represent the oxygen compound in the model
feedstock. Rollmann further determined the reactivity of
several other phenol and furan derivatives by substituting
them one at a time for dibenzofuran in the model mixture.
Recently Krishnamurthy et al. (1981) did a detailed kinetic
study on the HDO of dibenzofuran. Weisser and Landa (1973)
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reviewed the earlier literature on hydrogenation of alcohols,
ketones, aldehydes, and phenols over sulfide catalysts. Upon
reacting the heteroatoms in hydroprocessing, hydrogen sulfide,
ammonia are water are ultimately formed. The enhancing effect
of H2S on hydrodenitrogenation of model compounds have been
reported on a NiMo catalyst (Satterfield et al., 1975; Satter-
field and Gultekin, 1981; Yang and satterfield, 1982a). The
effect of water vapor on sulfide catalysts is not yet clear.
Lipsch and Schuit (1969) reported a poisoning effect of water
on the oxide form of cobalt molybdena catalyst. Satterfield
and Carter (1981) found that 13.3 KPa of water (hydrogen pres-
sure 6.9 MPa) exerted little influence on quinoline HDN in the
vapor phase over a sulfided nickel molybdena catalyst, but
with no hydrogen sulfide added to the feed. In a brief study
with a sulfided CoMo/A1203 catalyst at 3000C and in the pres-
ence of 200 KPa of H2S (hydrogen pressure 7.3 MPa) Gordriaan
(1974) reported that the concentration of water vapor had no
effect on the conversion of pyridine but enhanced the hydro-
genolysis of the intermediate piperidine, for an overall
increase in HDN, but the effect occurred chiefly at water par-
tial pressures above 100 KPa.
The purpose of this work was four-fold:
(1) to study the hydrodeoxygenation of several phenol, furan,
and ether types of oxygen molecules.
-233-
(2) to study the mutual interactions between HDO and HDN,
which has not been reported on previously.
(3) to explore the effect of water and oxygen compounds on
the hydrogenolysis and hydrogenation activities of a sul-
fide catalyst.
(4) to compare the reactivities of representative nitrogen
and oxygen heterocyclic compounds.
V.2. Experimental
phenol derivatives predominate among the oxygen compounds
in liquid fuels derived from coal, oil shale and tar sands.
For example Ignasiak et al. (1977) reported that 75% of the
oxygen present in an Athabasca asphaltene was in the form of
hydroxyl functions. In a detailed analysis of an anthracene
oil, Scheppele et al. (1981) reported that 81% of the acids
were hydroxylated aromatics. Furans are also found. For the
present study m-ethylphenol, o-ethylphenol, benzofuran, ben-
zylether and benzodioxane were chosen as model compounds.
Their structures are shown in Fig. V-1.
Quinoline (Q) is a good model compound for the 6-membered
ring heterocyclic nitrogen compounds found in the middle dis-
tillate range of fuels. The reaction network of quinoline HDN
reactions have been developed by a series of studies in the
vapor phase (Satterfield and Cocchetto, 1981; Satterfield and
Gultekin, 1981), and in the liquid phase in a trickle bed
-234-
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reactor (Satterfield and Yang, 1982a, Yang and Satterfield,
1982a). Shih et al. (1977) have also studied quiniline HDN in
the liquid phase in an autoclave reactor. o-Ethylainline
(OEA) and other alkylanilines by themselves were studied
extensively in chapter III since the HDN of aniline is a sig-
nificant rate-limiting step in the overall HDN reactions.
With this background we used quinoline and OEA as standard
reference nitrogen compounds in this study. The reactions
were carried out in a trickle bed reactor. All data reported
here were obtained at a gas-to-liquid ratio of 1600 cc. of H2
at S.T.P. per cm3 of liquid carrier (equivalent to 9000 stan-
dard cubic feet of hydrogen per barrel of oil), a pressure of
6.9 MPa and a temperature of 3750C, over a presulfided
NiMo/A1203 catalyst (American Cyanamid HDS 3A), which was also
used in our previous vapor and liquid phase work. Products
formed were determined from liquid samples analyzed by gas
chromatography, detailed analytical procedures are given in
Chapter II. Some samples were studied by gas
chromatography/mass spectrometry. The mass balance of reac-
tions was also discussed in Chapter II.
All experiments were performed with a solution in an
inert paraffin carrier liquid, of either a nitrogen compound
alone, an oxygen compound alone or a binary mixture of a
nitrogen compound and an oxygen compound. In every case the
concentration of each heterocyclic compound was 3.87 x 10-4
mole/g carrier and 0.74 wt% of CS2 was also added. This is
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rapidly converted to H2S in the reactor. In a binary mixture
the N plus O compound concentration was 7.74 x 10-4 mole/g
oil, detailed conditioned are listed'in Table V-1. All stu-
dies were at 6.9 MPa and 375C and product compositions were
determined over a range of contact times. As in previous
papers space-time is defined here in terms of moles of hetero-
cyclic compound, not in terms of total liquid. The nitrogen
concentration of each of the two N-heterocyclic compounds
corresponds to 0.54 wt% N and that of the oxygen compounds to
0.62 wt% O.
Most of the studies were done with one catalyst charge,
termed catalyst #5, consisting of 1.6 gm of catalyst diluted
1:4 with inert. It was presulfided by procedures described in
Chapter III for catalyst charges #2 and #3. One set of runs
with quinoline and various concentrations of m-ethylphenol in
the presence or absence of H2 S (results shown on Fig. V-16 and
V-19) was performed with a different catalyst charge, termed
catalyst #6, identical to #5 and presulfided by the same pro-
cedure except that the sulfiding time was twice as long. Con-
sequently this catalyst charge was slightly more active, which
will be discussed in Chapter VI. All the experiments above
were done with CS2 in the feed except for one specific limited
study described later.
With both catalysts, all data reported here were obtained
after the catalyst had reached steady state activity, and
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Table V-1
Detailed Reaction Conditions
for simultaneous HDO/HDN
Feed I Catalyst
I I
5 wt%Q + 0.74 wt% CS2 #5
i4.7 wt% OEA + 0.74 wt% CS2 "
_ ( I
4.7 wt% m-ethylphenol + 0.74 wt% CS2 I
+ " + 5 wt% Q
+ " + 4.7 wt % OEA I
I I
4.7 wt% o-ethylphenol + 0.74 wt% CS2
" + + 5 wt% Q I
+ " + 4.7 wt % OEA I
I I
4.6 wt% benzofuran + 0.74 wt% CS2
" + " + 5 wt% Q
+ " + 4.7 wt % OEA
I I I
7.7 wt% benzylether + 0.74 wt% CS2
" + " + 5 wt% Q
I" of+ " + 4.7 wt % OEA
I . I
5.3 wt% benzodioxane + 5 wt% Q #3
6.9 MPa, 3750 C 4
Each compound has a concentration of 3.87x10
Nitrogen compound: 0.54 wt% Nitrogen
Oxygen compound: 0.62 wt% Oxygen
mole/g oil
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catalysts were periodically resulfided.
Results will be discussed in terms of the effects of a
heterocyclic nitrogen compound on hydrodeoxygenation (HDO) and
the effects of an oxygen compound, or water formed from it, on
hydrodenitrogenation (HDN).
V.3. Hydrodeoxygenation Reactions
V.3.1. Effect of a Nitrogen Compound on Hydrodeoxygenation
In all cases the presence of a nitrogen compound substan-
tially decreased the rate of HDO and quinoline caused a
greater degree of inhibition than o-ethylaniline.
V.3.1.1. m-Ethylphenol
The HDO reaction of this compound when studied alone were
to completion even at the shortest space-time used. As shown
on Fig. V-2, quinoline reduces the HDO rate substantially but
OEA reduces the HDO reaction rate to a lesser degree.
The resulted products from m-ethylphenol HDO are listed
in Table V-2. Two forms of ethylcyclohexene are formed as
intermediates. The dominant final hydrocargon product is
ethylcyclohexane; its isomer, methylethylcyclopentane is also
present with a mole ratio of
methylethylcyclopentane/ethylcyclohexane about 0.1. The two are
not easily distinguishable by gas chromatography, but by
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Table V-2
Product Distributions from m-Ethylphenol HDO Reaction Alone
Reaction conditions are shown in Table V-1.
Space time : 56 hr gcat/mol m-ethylphenol
Retention Time compound in M %
in GC Spectrum Product Stream
2.80 cyclohexane 1 0.71
3.16 benzene 0.05
3.59 I methylcyclohexane 1 0.18
3.91 toluene 0.65
ethylcyclohexane
4.48 and 77.34
methylethylcyclopentane
4.80 1 ethylcyclohexene 1 0.19
5.00 ethylbenzene 8.83
5.20 1 ethylcyclohexene 1 0.42
9.94 1 (molecular weight 118) 1 0.21
10.20 I diethylcyclohexane 1 0.43
10.55 "1 0.67
11.00 " 0.29
11.31 I" 0.11
11.56 1 " I 0.16
23.48 m-ethylphenol I 0.14
Total 90.38
*The mass balance between the reactant in and the
products plus reactant out has been discussed
in Chapter II.
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g.c./m.s. we have found the existence of methylethylcyclopen-
tane. Fig. V-3 shows the distribution of major products
observed as function of space time, in the presence of quino-
line.
V.3.1.2. o-Ethylphenol
The o-ethylphenol HDO reaction by itself was also so fast
that reaction was completed at the shortest space-time, but
about 15% of the phenol was converted to heavy hydrocarbons
such as diethylcyclohexane (isomers) and diethylbenzene (iso-
mers), as listed in Table V-3. The presence of quinoline not
only slows the HDO reaction, but also significantly hinders
the side reactions to form heavy hydrocarbons. Comparisons of
Fig. V-4 and V-2 shows that the ortho isomer is less reactive
than the meta isomer. Similarly Rollmann (1977) reported that
sterically hindered phenols (o-ethyl and 2-phenyl) were con-
siderably less reactive than non-sterically hindered phenols
(p-cresol and 4-propyl phenol).
Fig. V-5 shows that the distribution of major products is
similar to that from the m-ethyl isomer except that the max-
imum in the formation of ethylcyclohexenes is lower and occurs
at a longer contact time. This is consistent with o-
ethylphenol being less reactive.
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Table V-3
Product Distributions from o-Ethylphenol HDO Reaction Alone
Reaction conditions are shown in Table V-1.
Space time : 56 hr gcat/mol o-ethylphenol
II I 
I Retention Time I compound in mol%
I in GC Spectrum I Product Stream
I 
2.80 I cyclohexane 6.70
3.18 benzene 0.20
3.58 methylcyclohexane 0.64
3.93 toluene 0.79
ethylcyclohexane
4.48 and 54.11
methylethylcyclopentane
4.80 ethylcyclohexane 0.27
5.00 ethylbenzene 6.08
5.20 1 ethylcyclohexene 0.16
9.94 (molecular weight 118) 1.60
10.18 diethylcyclohexane 3.66
10.53 1" 1.75
10.97 1 " 2.27
11.28 i" 1 1.08
11.52 i " I 1.35
12.04 I (molecular weight 111) 1.01
14.56 I diethylbenzene i 2.10
15.14 1 " I 0.91
15.63 1 a" 1 0.49
22.86 o-ethylphenol 0.30
l~~~~~~~~~~ I 
*The mass balance between the reactant in and the
products plus reactant out has been discussed
in Chapter II.
I Total 85.47 1
I I
I I I
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V.3.1.3. Benzofuran
Benzofuran is less reactive than the ethylphenol (Fig.
V-6) and a variety of products are produced, such as ethylcy-
clohexane methylethylcyclopentane, o-ethylphenol, two forms of
ethylcyclohexene, ethyl benzene, cyclohexane, and a trace of
dihydrobenzofuran as listed in Table V-4. The major product
distribution in the presence of quinoline is shown in Fig. V-
7.
V.3.1.4. Benzylether
With benzylether alone the catalyst bed became plugged,
presumably from polymerization reactions. With quinoline in
the feed, the reactor did not plug but a mass balance indi-
cated some side reactions occurred. The dominant identified
product was methylcyclohexane, comprising 50 to 85% of the
benzylether reacted. Toluene was formed in amounts equivalent
to less than 1% of the reactant.
V.3.1.5. Benzodioxane
The catalyst bed quickly became plugged, either in the
presence or absence of quinoline.
V.3.2. Discussion of Hydrodeoxygenation Reactions
-247-
Table V-4
Product Distributions from Benzofuran HDO Reaction Alone
Reaction conditions are shown in Table V-1.
Space time : 56 hr gcat/mol benzofuran
Retention Time compound in mol0
in GC Spectrum Product Stream
i I I I
2.80 I cyclohexane 1 4.0
3.18 benzene 1.1
3.59 I methylcyclohexane 0.7
3.91 toluene 0.3
ethylcyclohexane
4.48 and 21.4
methylethylcyclopentane
4.80 ethylcyclohexane 3.5
5.00 ethylbenzene 4.3
5.20 1 ethylcyclohexene 1 7.1
9.55 unknown 1 4.0
10.29 benzofuran 8.8
15.46 i dihydrobenzofuran i 0.6
22.86 o-ethylphenol 1 10.3
24.49 unknown 2 2.0
29.16 unknown 3 2.2
32.48 unknown 4 1.6
32.98 unknown 5 2.9
Total 74.8 1 
Total 74.8 I
*The mass balance between the reactant in and the
products plus reactant out has been discussed
in Chapter II.
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V.3.2.1. Competitive Adsorption
The inhibiting effect of nitrogen compounds can be attri-
buted to competitive adsorption, which has been observed on
several reactions over HDS catalysts, for example competitive
adsorption among intermediates within the quinoline HDN reac-
tion network (Satterfield and Cocchetto, 1981), between quino-
line and indole (koros et al., 1967), and between thiophene
and pyridine (Satterfield et al., 1975). Quinoline has a
greater inhibiting effect because OEA undergoes the HDN reac-
tion considerably faster (compare Fig. V-ll and V-17).
The catalytic sites are acidic in nature, either Lewis or
Bransted Sites. Therefore basicity can be used to estimate
the accessibility of a compound to catalyst sites. In general
quinoline, and its HDN reaction intermediates 1,2,3,4-tetra-
hydroquinoline (PyHTQ), 5,6,7,8-tetrahydroquinoline (BzTHQ),
decahydroquinoline (DHQ ), o-propylaniline (OPA) and ammonia
are strong or moderate bases, while the oxygen species and
their presumed reaction intermediates are very weak bases or
quite neutral molecules. Thus the various nitrogen compounds
can greatly reduce the adsorption of oxygen compounds, and
thus inhibit the HDO reaction. Basicities are not available
on many of the specific compounds of interest here, but for
guidance Table V-5 gives known Pkb or Pka values for compounds
of analogous structure.
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Rank
Strong
base
Medium
base
Table V-5
Basicities of Selected Model Compounds
in HDO and HDN Reaction
Compound
cyclohexylamine
decahydroquinoline (DHQ)
ammonia
piperidine
n-hexylamine
1,2,3,4-tetrahydroquinoline (PyTHQ)
5,6,7,8-tetrahydroquinoline (BzTHQ)
o-propylaniline (OPA)
quinoline (Q)
pyridine
acridine
aniline
PKb
4.76
2.80
3.44
9.06
8.77
8.40
9.34
Weak benzofuran
base thiophene
pyrrole 14.27
carbazole 15.00
indole 16.40
1-methylindole 15.10
2-methylindole 14.10
Rank Compound pKa in H20
weak base hydrogen sulfide 6.88
or acid thiophenol 6.50
phenol 9.89
m-methylphenol 10.0
o-methylphenol 10.26
methanol 16
t-butylalcohol 20
water 24
Source: "Lange's Handbook of Chemistry", McGraw-Hill
Book Company, New York, 1973
Breslow, R., "Organic Reaction Mechanisms",
p. 13, Benjamin, New York, 1966.
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V.3.2.2. HDO Reaction Networks of Model Compounds
Ethylphenols
The HDO reaction networks of the ethylphenols are similar
to the HDN reaction networks of alkylanilines since: (1) the
energies of the C-O bond and C-N bond do not differ much, 86
kcal/mol for the former and 73 kcal/mol for the latter, and
(2) the resonance energies of the two compounds are almost the
same, 41 kcal/mol for phenol and 40 kcal/mol for aniline
(Pauling, 1960).
The HDN reaction network of o-propylaniline has been stu-
died in detail in Chapter III. Some principal conclusions are
(1) o-propylaniline undergoes hydrogenation of its aromatic
ring prior to the scission of the CN bond,
(2) the direct cracking of the CN bond in o-propylaniline is
negligible at a temperature of 3750 C.
(3) A key intermediate is propylcyclohexene (PCHE) which may
either dehydrogenate to form propylbenzene (PB), become
hydrogenated to propylcyclohexane (PCH) or isomerize and
become hydrogenated to methylpropylcyclopentane (MPCP).
The formation of ethylcyclohexenes here as intermediates
suggests that the HDO of ethylphenols occurs by a set of reac-
tions analogous to the HDN of alkylanilines. 2-
Ethylcyclohexylalcohol was not found in the product stream,
that may due to its trace quantitity. Hydrogenation of
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ethylphenol occurs first, followed by fast removal of the
hydroxyl group resulting in water and two forms of ethylcy-
clohexene. The latter in turn further hydrogenate to ethylcy-
clohexane, dehydrogenate to ethylbenzene, or isomerize to
ethylmethylcyclopentane, as shown in Fig. V-8. Ando (1940)
observed methylcyclopentane in hydrodeoxygenation of phenol.
Benzofuran
As shown in Fig. V-9, the heteroring is hydrogenated
first. Dihydrobenzofuran is always present in less than 1%,
so cracking of the C-O bond to form o-ethylphenol is very
fast. The subsequent HDO reaction network is discussed above.
Benzylether
The aliphatic C-O bond can crack readily without prehy-
drogenation of the unsaturated ring, forming radicals that
react further leading to polymerization, as shown in Fig. V-
10.
Benzylether, a relatively neutral molecule, is presumably
weakly adsorbed in competition with basic nitrogen molecules.
Quinoline in the feed thus slows the cracking rate of the ali-
phatic CO bond of benzylether, and polymer formation is insig-
nificant. The OEA is less inhibiting and CO bond cracking is
more rapid so polymerization products gradually build up in
the reactor.
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QCHZO-CH2 e- POLYMERIZATION
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Figure V-10: HDO Reaction Network of Benzylether
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Both benzylether and benzodioxane contain an aliphatic CO
bond, and a similarity can be drawn for their HDO reactions.
Indeed, even when quinoline was present, the reaction products
of benzodioxane plugged the catalyst bed under typical reac-
tion conditions. The two aliphatic CO bonds of benzodioxane
can be cracked quickly resulting in polymerization. The high
activities of benzylether and benzodioxane are consistent with
the observation that no significant quantities of either are
found in synthetic liquid fuels.
In general, under representative hydroprocessing condi-
tions, with both oxygen and nitrogen heterocyclic compounds,
direct scission of an aromatic CO or CN bond is negligible. A
phenol or an aniline must undergo hydrogenation prior to remo-
val of the OH or NH 2 group. Two forms of alkyl cyclohexene,
the first significant isolated intermediates from deamination
of an alkyl cyclohexylamine or dehydroxylation of an alkyl
cyclohexylalcohol, become hydrogenated to alkyl cyclohexane,
dehydrogenated to alkyl benzene, or isomerize and become
hydrogenated to form dialkylcyclopentane.
V.4. Hydrodenitrogenation Reaction
V.4.1. Enhancement of Quinoline HDN by Oxygen Compounds
Although quinoline reduces the rate of HDO reactions, all
found oxygen compounds studied significantly enhanced the rate
of quinoline HDN, as shown in Fig. V-ll. The distribution of
I I I I I I I I
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intermediate products is also significantly altered, as shown
in Fig. V-12, for the case when m-ethylphenol was added to
quinoline. Notably the maximum amount of decahydroquinoline
(DHQ) in the product distribution decreases significantly from
34% to 23%, and is shifted towards a shorter space time. DHQ
is formed by hydrogenation reactions form BzTHQ and PyTHQ and
then undergoes a hydrogenolysis reaction which is a rate-
limiting step in the HDN reaction network. The early hydroge-
nation reactions are much more rapid, which leads to the con-
clusion that hydrogenolysis activity is significantly enhanced
by the presence of an oxygen compound.
As in the absence of oxygen compounds, the principal
hydrocarbon products are two forms propylcyclohexene, formed
as intermediates, plus propylbenzene,methylpropylcyclopentane
and propylcyclohexane, the last predominating.
The presence of o-ethylphenol, benzofuran or benzylether
each has a similar effect as m-ethylphenol on the product dis-
tribution of quinoline HDN, as shown in Fig. V-13, V-14, and
V-15. This observation plus the fact that the oxygen com-
pounds react rapidly suggests that the acceleration of quino-
line HDN by oxygen compounds is related to the water resulting
from the simultaneous HDO reaction.
V.4.2. m-Ethylphenol or Water Accelerates Quinoline HDN in
Presence of H2S
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In studying how water directly affects quinoline HDN, in
the present apparatus water could not be added separately and
so the experiment were limited by the very low solubility of
water in the liquid carrier. This amounts to approximately
0.01 wt% at room temperature. Therefore 4.7 wt%, 0.95 wt%, or
0.19 wt% of m-ethylphenol with quinoline were compared with a
quinoline solution saturated with water. At our typical reac-
tion condition, 6.9 MPa and 3750C, and at a fixed space time
of 494 hr g-cat/mol Q, the feed was switched back and forth
continuously form quinoline alone to a feed containing quino-
line plus a specified amount of m-ethylphenol or saturated
with water. The quinoline HDN conversion was determined for
each feed composition after reaching steady state (Fig. V-16).
Reproducibly, the quinoline HDN conversion increases if m-
ethylphenol or water is present and decreases when an oxygen
species is absent. The slight decrease in catalyst actively
with time is cause by the continuous operation without inter-
mediate resulfiding of the catalyst. After 80 hours of opera-
tion on stream, resulfiding restored catalyst activity to its
original steady state value, corresponding to 73% quinoline
HDN conversion, as shown by the starred point on Fig. V-16.
Notably the same degree of increase in HDN conversion
occurs, independent of m-ethylphenol concentration and is pro-
duced even by a trace of water. This is additional evidence
that the enhancing effect of the oxygen compound originates
from the water formed by its reaction.
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V.4.3. Effect of Oxygen Compounds on HDN of o-Ethylaniline
(OEA) in the presence of H2 S
The presence of m-ethyphenol, or o-ethyphenol increases
the HDN of o-ethylaniline, but benzofuran decreases it
slightly, as shown in Fig. V-17. Benzofuran is the most
stable of the three oxygen species and less of it reacted than
the OEA.
The addition of 0.01 wt% of water to o-ethylaniline at a
space time of 55 hr g-cat/mol OEA had no effect on its HDN,
which remained constant at 50%, in contrast to the effect on
quinoline. Since the HDN reaction of OEA is kinetically con-
trolled by the hydrogenation of its aromatic ring, this sug-
gests that hydrogenation activity is not significantly changed
by a trace amount of water. Comparing the effects on quino-
line and on OEA indicates that a trace of water vapor signifi-
cantly increases hydrogenolysis activity but has little effect
on hydrogenation activity.
V.4.4. Proposed Mechanisms
The presence of oxygen compound can change hydrogenation
activity either by affecting hydrogenation sites on the
catalyst surface, or possibly by forming a hydrogen bond com-
plex between the hydroxyl group and the nitrogen atom of OEA
as shown in Fig. V-18.
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The first mechanism most likely involves the interaction
of the catalyst surface with water rather than with the oxygen
compound directly, and such structural change would presumably
be affected by the concentration of water resulting from the
HDO reaction. This can explain why 4.7 wt% of m-ethyphenol
exerts an increase on o-ethylaniline HDN but 0.01 wt% of water
does not. The low HDO conversion observed with benzofuran
suggests that competitive adsorption between OEA and benzo-
furan plays a more prominent role than the influence of water
vapor on catalyst structure. The fact that m-ethylphenol and
o-ethylphenol have the same effect on HDN even though their
degree of reaction is different suggests that the alteration
of catalyst structure may be completed above some minimum par-
tial pressure of water. (However, see alternate explanation
below.)
Hydrogen-bonding between the hydroxyl group of an oxygen
species and the nitrogen atom of OEA occurs readily (Ignasiak
et al., 1977; Tewari et al., 1979). This may inhibit to some
degree the adsorption of OEA onto catalyst sites through its
nitrogen atom, and thus increase the probabililty of adsorp-
tion of the aromatic ring of OEA and thus cause faster
hydrogenation and faster HDN of o-ethylaniline. This is sug-
gested by several parallel ideas in the literature. When
pyridine is reduced catalytically in the form of a salt or in
acid solution, hydrogenation proceeds more rapidly than when
it is reacted as a base in neutral solvent (Maxted, 1951).
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This is caused by shielding of the nitrogen atom by the acid
or the formation of a salt. Substitution in the 2- and 6-
position has a favorable effect on pyridine hydrogenation
(Adkins et al., 1954) which suggests that physical shielding
by a group or groups adjacent to nitrogen atom plays a role in
the ring hydrogenation of pyridine.
The hydroxyl group on either a phenol or water can facil-
itate hydrogen bonding, so the fact that m-ethylphenol and o-
ethylphenol have the same effect on HDN even though their HDO
conversions differ significantly can be interpreted within
this framework.
The effect of oxygen compounds on HDN of OEA is therefore
attributed to two opposite influences, an increase from hydro-
gen bonding or a decrease by competitive adsorption. In gen-
eral the adsorption of oxygen compounds and their HDO reaction
intermediates is expected to be weaker than those of nitrogen
compounds and HDN reaction intermediates, but it depends on
the specific nature of the species present. Benzofuran does
not have a hydroxyl group to form a hydrogen bond, and its HDO
conversion is relatively low, so the water produced may not
provide enough hydrogen bonding to enhance the hydrogenation
of OEA and competitive adsorption is the more dominating
effect.
In the HDN of quinoline, OPA is formed at a later stage
in the reaction (Fig. V-12) and is present in much smaller
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concentration than when OEA was studied directly in the same
initial concentration as that of quinoline. By the time OPA
is formed in the quinoline HDN network, there are enough
hydroxyl groups, either from water or oxygen molecules
present, to form hydrogen bonds and thus result in an increase
in OPA hydrogenation.
V.4.5. Interactions of Hydrogen Sulfide and of Water on
Quinoline HDN
In the studies discussed above, the enhancement of hydro-
genolysis activity by the presence of water was observed with
feeds containing 0.74 wt% CS2 is omitted from the quinoline,
however, the effect of water is different. Fig. V-19 shows
the effect of repeating the runs in Fig. V-16 but in the
absence of H2S. A large amount of m-ethylphenol (4.7 or 2.4
wt%) causes a similar degree of increase in quinoline HDN as
in the presence of H2 S, but 0.19 wt% of this compound exerts a
much smaller increase, while 0.01 wt% of water has no effect
at all. If all the phenol were converted to water, the
corresponding partial pressure for these three concentrations
would be 29, 14.5 and 1.2 kPa, respectively. This presents
interesting questions about how water interacts with hydro-
genolysis sites and how hydrogen sulfide is incorporated into
this process.
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Satterfield and Carter (1981) observed almost no effect
of 13.3 kPa partial pressure of water on quinoline HDN at 6.9
MPa total pressure in a vapor phase study, using the same
catalyst presulfided but with no added hydrogen sulfide during
reaction. In the present study in the absence of added CS2 an
increase in quinoline HDN was noted with as little as 0.19 wt%
of m-ethylphenol. Even assuming complete HDO, this amounts to
a considerably smaller concentration of water (1.2 kPa) than
that used in the vapor phase study. It is not clear whether
this is an intrinsic difference between liquid phase and vapor
phase processing or whether there is a different effect if
water is produced directly from HDO reaction, in which it may
be more effectively adsorbed on the catalyst surface.
Hydrogen sulfide, if present in the reactor, cause a
structural change in the sulfided molybdena catalyst. Water
may be incorporated in such process, resulting in more
Bransted acid sites on the catalyst surface, and thus increas-
ing hydrogenolysis activity. That water interacts with sur-
face vacancy to form Bransted acid sites has been observed for
zeolite catalysts. The same idea can be applied here and as
shown in Fig. V-20. Without the structural alteration of the
catalyst provided more easily by the presence of hydrogen sul-
fide, the interaction of water with a sulfided molybdena
catalyst may require a much higher concentration of water.
The interaction of water with the alumina alone does not seem
to be a likely effect, for this should be independent of
-274-
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hydrogen sulfide.
V.5. Relative Reactivities of Oxygen and Nitrogen Heterocy-
clic Compounds
Several generalizations have been published concerning
the relative rates of HDS, HDN and HDO on various catalysts
and concerning the relative rates of destruction of various
specific S, N and O compounds by hydrotreating. Such com-
parisons can be misleading unless carefully qualified since
reactivity is dependent on several factors:
(1) The presence of water, ammonia and/or hydrogen sulfide
can change catalyst activity markedly.
(2) Activity is related to the basic molucular structure,
i.e., 6- or 5-membered heterocyclic N ring, phenol versus
furan type of oxygen species.
(3) In mixtures, competitive adsorption effects can dominate.
The accessibility of a molecule to the catalyst surface
is affected by its basicity.
(4) Steric hindrance plays a role.
(5) With a homologous series, activity decreases with
increasing molecular weight.
(6) Most reactions are not simple first order, so a relative
ranking can vary with initial concentrations or with %
conversion studied.
-276-
Keeping the above in mind, some specific comparisons can
be made from the present studies.
o-Ethylphenol and o-Ethylaniline
o-Ethylphenol by itself undergoes the HDO reaction much
faster than o-ethylaniline undergoes HDN by itself, as shown
in Fig. V-21. In a mixture HDN increases moderately and HDO
drops greatly and the two reactions become comparable.
Benzofuran and Quinoline
The HDO reaction of benzofuran is much faster than the
HDN reaction of quinoline if each compound is studied
separately. In a mixture the conversion of quinoline is
decreased and that of benzofuran is increased, as shown in
Fig. V-22, and the conversions become similar even though ben-
zofuran and quinoline have different basicities and different
molecular structures.
Oxygen Species
The HDO reactions of both ethyphenols were complete even
at the shortest space time we used, and that of benzylether
alone led to polymerization. Therefore in Fig. V-23 we com-
pare each of their reactivities with an equimolar quantity of
quinoline present, which slows down all HDO reactions. Benzo-
dioxane is not shown since even with the addition of quino-
line, bed plugging occurred and this compound is believed to
be highly reactive. Benzylether is more reactive than the two
ethylphenols, which in turn are more reactive than benzofuran.
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m-Ethylphenol is more active than o-ethylphenol, presumably
due to steric hindrance of the ethyl group at the ortho posi-
tion.
Order of Reactivities.
The reactivities of the five oxygen compounds and two
nitrogen compounds studied here can be listed in the following
order:
X > - CH2-0-CH2 >» CC2H
yC2H5 >
aNH2
With his mixture of model compounds on a sulfided CoMo/Al203
catalyst, Rollmann (7) reported that quinoline, o-ethylphenol,
2-phenylphenol, indole, benzofuran, and o-ethylaniline had
first order rate constants very similar to one another, vary-
ing within a factor of only about 1.5 between extremes. p-
Cresol and 4-propylphenol were considerably more reactive and
dibenzofuran significantly less reactive. The results in the
current study indicate that o-ethylphenol and o-ethylaniline
are more reactive than benzofuran and quinoline. As mensioned
before, most reactions are not simple first order, so a rela-
tive ranking can vary with initial concentrations or with %
conversion studied. It is evident that a generalized
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comparison on reactivity needs to be viewed with care.
CHAPTER VI
Structure and Catalytic Activities
of a Sulfided NiMo/A1203 Catalyst
VI.1. Introduction
It is well known that the method of presulfiding a hydro-
treating catalyst such as NiMo/A1203 may have a marked effect
on its subsequent activity and commercial catalyst manufactur-
ers prescribe one or more presulfiding procedures for the
catalysts they supply that can be readily used on their
customer's premises. A deeper understanding of the relation-
ships between presulfiding procedures and catalyst activity is
complicated for a variety of reasons: these include the com-
plex nature of sulfided molybdenum catalysts, interactions
between the metal components and the support, the effect of
processing conditions and feedstock composition on catalyst
composition and the fact that the morphology of the sulfided
catalyst depends in considerable part on the morphology of the
oxide precursor, which in turn depends on catalyst manufactur-
ing procedures. All of these can affect the intrinsic
catalyst activity.
It is known that hydrogen sulfide can depress the hydro-
desulfurization (HDS) rate of thiophene (Satterfield and
Roberts, 1968; Lee and Butt, 1977), and of dibenzothiophene
(Broderick and Gates, 1981). It also depresses the
-282-
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hydrogenation of 1-butene (Lee and Butt, 1977), as well as the
HDN reaction of o-ethylaniline (Yang and Satterfield, 1982a).
However it enhances the HDN reactions of pyridine (Satterfield
et al., 1975; Goudriaan, 1974), and of quinoline (Satterfield
and Gultekin, 1981). H2S also enhances the HDO reaction of
dibenzofuran (Krishnamurthy et al., 1981). Ramanchandran and
Massoth (1981) report that it enhances the cracking of hexene,
but had no effect on hydrogenation of hexene. In the HDS of
thiophene, both the hydrogenolysis and hydrogenation reactions
in the overall reaction network are hindered by H2 S; while in
the HDS of dibenzothiophene, H2S depresses hydrogenolysis and
leaves hydrogenation essentially intact. In quinoline HDN,
the hydrogenolysis reactions are markedly enhanced and
hydrogenation reactions somewhat inhibited by H2S. It would
seem that the catalytic sites facilitating C-S bond breaking
in HDS are not the same as those for C-N bond breaking in HDN,
and that the catalytic sites facilitating hydrogenation in HDS
are not the same sites in HDN. Yet competitive adsorption,
for example that observed between thiophene and pyridine
(Satterfield et al., 1975), hints that at least to some extent
the same catalytic sites are involved in HDS and HDN reac-
tions.
In the present study samples of a commercial NiMo/A1203
catalyst were subjected to each of three different presulfid-
ing conditions and their subsequent activity was determined
for the hydrodenitrogenation of quinoline in the presence or
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absence of H2 S in the gas phase. It will be demonstrated that
the HDN activity of a sulfided NiMo/ A1203 catalyst is sensi-
tive to presulfidation conditions and that this inherent
degree of activity is maintained for at least several hundred
hours throughout variations in subsequent reaction conditions.
The correlation between catalyst structure and catalyst
activity is discussed.
VI.2. Experimental
VI.2.1. Presulfidation Methods
The catalyst was a NiMo/A1203 (American Cyanamid HDS-3A).
Three presulfidation methods were employed, similar to the
manufacturer's recommendation, but differing in the partial
pressure of hydrogen sulfide used and the duration of sulfida-
tion. For method 1, the catalyst was heated to 1750 C under a
flow of helium. A mixture of 10% H2S in H2 was then passed
through the bed at 20 cc/min (STP) and 0.24 MPa for 12 hours.
The temperature was then increased to 3150 C at a rate of
10C/min and held at 3150C for one hour. The catalyst was then
cooled to 1500C under the H2S-H2 flow and further cooled to
room temperature under flow of helium. Method 2 differed from
Method 1 in that the total pressure of the 10% H2 S in H2 mix-
ture was 0.30 MPa instead of 0.24 MPa. Method 3 was like
Method 1, except that the catalyst was held at 1750C for 24
hours instead of 12 hours and held at 3150C for 2 hours
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instead of one hour.
VI.2.2. HDN Activity
The quinoline HDN reaction was carried out in a trickle
bed reactor. The catalyst charge was either 0.8 or 1.6 g of
catalyst averaging 0.2 mm diameter, diluted either 1:9 or 1:4,
respectively, with inert. Catalyst activity was measured by
the percent HDN of quinoline observed by a standardized test
at 6.9 MPa and 3750 C, using 5 wt% quinoline in an inert liquid
carrier at a space-time of 269 hr g cat/mol quinoline, without
the presence of added H2S in the gas phase. This test was
applied at various times, between which different reaction
conditions and other reactants may have been used.
Each of six charges of catalyst was presulfided by one of
the three methods and then used for the HDN of quinoline under
each of several conditions. Charges 1, 2, 3 and 5 were
presulfided by method 1; charge 4 by method 2; and charge 6 by
method 3. The activity of charge 2 as measured by the stand-
ardized test conditions is representative. It decreased
markedly during about the initial 100 hours, and then more
slowly, arriving at a constant value after about 150 hours on
stream. This was maintained for at least 650 hours, as shown
in Fig. VI-1. During the period between 150 and 650 hours, a
variety of HDN studies were performed. Occasionally the
standardized test condition was run to check the activity. To
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maintain steady state activity, it was found necessary to
resulfide about every 10 to 15 hours run after the catalyst
had been on stream for 150 hours. This was done with a 10%
H2S in H2 mixture at 40 cc (STP)/min and 0.24 MPa total pres-
sure at 3500 C for 1 hour. The catalyst bed was then cooled as
in the presulfiding procedure. Charge #3 was a duplicate to
charge #2, except that twice the quantity of catalyst was
placed in the reactor. It behaved identically to charge #2.
The steady-state activity of charge 6 under the standard-
ized test conditions was significantly higher than that of
charge #3, as shown in Fig. VI-1. Charge #4 was presulfided
by method 2. Although it was run for only 150 hours, it
clearly had higher activity than charge #2.
VI.2.3. Effect of H2S on HDN reactions
As discussed before, the HDN of quinoline enhanced by
H2S, a phenomenon that is reversible and is separate from the
effect of H2S during the initial activation procedure. Addi-
tion of 0.74 wt% CS2 to the liquid feed, to generate H2 S in
situ, causes an increase in percent HDN of quinoline but when
th CS2 is removed, the activity drops to its former level.
The phenomenon is illustrated in Fig. VI-2 for data with
charge 6 and charge 3, showing that the degree of increase was
independent of the method of presulfiding. The inherent
activities of each of the two charges was unaffected by the
-2 88-
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subsequent presence of H2S in the vapor phase. Evidently the
presulfiding procedure using H2S and H2 alone is more severe
than when the H2S is present in the presence of nitrogen com-
pounds.
VI.2.4. Catalyst Deactivation during HDN
Charges #1 and 5 were subjected to different reaction
conditions than charges #2 and 3, although all four were
presulfided by method 1. Charge 1 was first brought on
stream using a feed of 1 wt% quinoline, and a high space-time,
693 hr g cat/mol Q. The rate of deactivation was slower than
with 5 wt% quinoline, but it reached a constant activity after
200 hours. After 330 hours on stream, the standardized test
conditions were applied. The percent HDN decreased to a
steady value close to that obtained with catalyst #3, as shown
in Fig. VI-1. Evidently, the initial use of a lower quinoline
concentration and higher space-time had no effect on the ulti-
mate activity.
Adding and removing H2S from the feed and periodic resul-
fiding seemed to have no significant effect on the steady-
state intrinsic activity as measured by the standardized test.
The intrinsic activity is determined only by the initial sul-
fiding procedure as shown by a run with catalyst #5 (Fig. VI-
1). It was first on stream under the standardized HDN condi-
tion (no added CS2) for 33 hours, during which the percent HDN
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decreased from 92% to 50% conversion (in Fig. VI-1). It was
then resulfided and subjected to the standardized HDN condi-
tions except with additional 0.74 wt% CS2 in feed. The HDN
increased to 83%, dropping to 50% after a total of 85 hours
(Fig. VI-1-5b). A second resulfiding then increased conver-
sion to 70% under standardized conditions with CS2, which
further dropped to 52% conversion after another 55 hours
(total of 140 hours)(Fig. VI-1-5c). Eliminating CS2 from the
feed dropped the activity to 40%. It was then resulfided
periodically and its steady-state activity by the standardized
test (no CS2) dropped to a steady-state level (Fig. VI-1-5d)
essentially the same as those of catalysts 2 and 3 which had
been subjected to quite different interim reaction conditions.
VI.3. Results
The results can be summed as follows:
(1) Within the three presulfiding procedures used, higher
steady-state catalyst activity was achieved by sulfiding
at a higher pressure and/or for a longer duration. This
ultimate activity by (standardardized test) was not
affected by variations in the quinoline concentration in
the feed, space-time or presence versus absence of H2S in
the subsequent reaction conditions.
(2) The time required to reach steady-state activity is
longer with a lower concentration of quinoline in the
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feed and at higher space-times.
(3) The steady-state catalyst activity as measured by the
standardized test with quinoline is substantially higher
in the presence of H2 S than in its absence. This effect
is reversible.
VI.4. Discussion
VI.4.1. Presulfidation Procedures
Several papers reported on the effect of sulfiding pro-
cedures on the sulfur content of catalysts containing molybde-
num, including effects of temperature, use of H2S versus
thiophene, prereduction, etc. Most commonly presulfiding is
carried out on the MoO3 precursor under a flow of H2S and H2.
The resulting structures are the subject of controversy, but
the reaction may be thought of as a combination of reduction
of the molybdenum and replacement of oxygen by sulfur. In
fact considerable oxygen may be retained even after severe
presulfiding and if cobalt is present, it may be reduced to
the metallic state or converted to Co8S9 to various degrees.
If MoO3 is reduced to MoO2 prior to presulfidation, the MoO2
cannot be easily transformed into MoS2 even at a temperature
as high as 8000 C (Zabala et al., 1974). Thus care must be
taken not to expose the oxide form of the catalyst to high
temperature hydrogen. Though we suspect that our NiMo/A12 03
did not undergo complete sulfidation under the method 1
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presulfiding procedure, the catalyst did not show an increase
in activity with reaction time. This suggests that no further
transformation of an oxide form to sulfide form occurred when
CS2 was present during reaction. Three studies, summarized in
Table VI-1, give representative results on effects of various
presulfiding conditions and subsequent treatments on the S/Mo
atomic ratio.
Presulfiding a MoO3/A1203 catalyst with H2S-H2 at 1 atm
and 4000 C for 2 hours, de Beer et al., (1976) reported a S/Mo
atomic ratio of 2.04. The catalyst was cooled to room tem-
perature under the H2S-H2 flow after sulfiding; Massoth (1975)
carried out the sulfiding by the same method but then purged
the catalyst under nitrogen at 4000 C for 1 hour. The result-
ing S/Mo ratio was 1.70. When de Beer et al. further treated
their catalyst by H2 flow at 4000 C for 2 hours after sulfid-
ing, the S/Mo ratio decreased from 2.04 to 1.20. To purge the
catalyst at high temperature under inert gas or treat the
catalyst at high temperature under H2 considerable reduces the
S/Mo ratio.
Presulfidation at 3000 C for 2 hours and cooling under
H2S/H2 resulted in a S/Mo ratio of 1.78, presumably due to
incomplete sulfidation (de Beer et al., 1976). Even after
presulfiding with H2S-H2 at 4000 C for 2 hours, Massoth (1975)
reported the structure to have the composition MoO0.95S1.7.
Apparently the period of 2 hours is not long enough for a com-
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plete replacement of the oxygen even at 4000C; Massoth
observed that sulfidation was still taking place, though at a
very slow rate, after 2 hours treatment. A very low S/Mo
ratio of 1, reported by Okamoto et al., (1977) for one of
their studies, clearly resulted from incomplete presulfidation
by passing thiophene/H 2 flow at the very low pressure of 10
torr. Declerck-Grimee et al., (1978) presulfided their
MoO3/A1203 catalyst in a flow of H2 S-H2 (15:85) at 1 atm fol-
lowing a long heating program: first heating the catalyst
slowly from room temperature to 4000 C in 24 hours, and held at
4000 C for 24 hours, then cooled to room temperature. XPS
measurements showed no residual molybdenum oxide. One con-
cludes that a well sulfided MoO2/A1203 catalyst should have a
S/Mo ratio near to two. The presence of cobalt in the
catalysts may result in a higher S/Mo ratio since some of the
sulfur can be combined as cobalt sulfide.
From the above it is judged that the three presulfidation
methods used should result in fairly good sulfidation, but it
is not known that the extent to which oxides were actually
converted to sulfides. Since the three methods do result in
different catalyst activities, in which a higher activity is
produced by a higher partial pressure of hydrogen sulfide or
longer sulfiding duration, we conclude that method 2 or 3 pro-
vides more complete sulfidation than method 1.
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VI.4.2. Nonstoichiometry
Molybdenum sulfide catalysts are non-stoichiometric,
which causes their composition to be susceptible to the
environment. The nature of such non-stoichiometry is not
clear, though it must affect the activity of a sulfided
catalyst. Many metal oxides at high temperatures have non-
stoichiometric phases extending over a considerable composi-
tion range. Their structure and thermodynamic properties have
been reviewed by Sorenson (1978). His review emphasizes that
nonstoichiometry is observed in oxide systems when metal
cations can exist in several oxidation states, and it ori-
ginates from structure defects. In an oxygen-deficient metal
oxide, oxygen vacancies are predominantly formed, while in an
oxygen-excess metal oxide, oxygen ions exist in interstitial
positions. The composition of such an oxide is a function of
oxygen partial pressure and temperature. This basic picture
of a non-stoichiometric metal oxide can be applied to molybde-
num disulfide catalysts. Thermodynamic data on bulk phases
(Weisser and Landa, 1973, p.46) show that molybdenum disulfide
in our study should not be reduced to the metallic form here.
A value of PH /PH of 10 5 at 375 0C is sufficient to make
H 2 2
MoS2 the stable phase, which may be compared to a value of
this ratio of 0.002 corresponding to the presence of 0.74 wt%
CS2 in our feed.
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A commercial HDS catalyst is typically composed of CoO in
the range of 3-5% and MoO3 in the range of 12-15%. When such
a catalyst is sulfided, the major part of the molybdenum is
converted to MoS2 and CoO is transformed to Co and Co8S9
(Declerck-Grimee et al., 1976; Patterson et al., 1976; Brinen
and Armstrong, 1978). Smaller amounts of oxysulfides, polym-
eric sulfur, and Mo(V) and Mo(VI) may also be present. It has
been demonstrated that MoS2 exits in a two dimensional form o
an alumina support (Brinen and Armstrong, 1978; Pollack et
al., 1979).
Nonstoichiometry, if it is not a result of incomplete
sulfidation, can be achieved easily on such a two dimensional
MoS2 structure. Both weak MoS2-support interaction
(Declerck-Grimee et al., 1978) and weak Mo-S bonds make struc-
tural defects easy to form, either as sulfur vacancies or
interstitial sulfur, depending on the environment the catalyst
is subjected to. Gachet et al. (1981) labelled catalyst sul-
fur on a CoMo/A1203 catalyst with the 35S radioisotope and
studied its fate during the HDS reaction of dibenzothiophene.
Some of the sulfur was shown to be labile, which is progres-
sively replaced by the sulfur of dibenzothiophene, while the
remainder stayed on the catalyst. Such labile sulfur can con-
tribute to the nonstoichiometry. The presence of cobalt not
only disperses molybdenum on the support, but also possibly
causes more defects to be present in the MoS2 structure.
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Catalytic activity must be closely related to the non-
stoichiometry of a sulfided HDS catalyst. An e.s.r. study of
sulfided MoO3/A1203 and NiMo/A1203 suggested the existence of
surface vacancies on these catalysts (Konings et al., 1978 and
1981); and an e.s.r. study of sulfided NiW/A1203 catalyst
related hydrogenation of benzene to surface vacancies
(Voorhoeve, 1971).
VI.4.3. S/Mo Ratio and HDS Activity
Massoth and Kibby (1977) demonstrated that activity for
HDS of thiophene increased as the S/Mo ratio of their sulfided
MoO3/A1203 catalyst was decreased from 2 to about 1, where
this was varied by varying the temperature of sulfiding, for
fixed time. Later Okamoto et al., (1980a,b) also arrived at
the same conclusion from studies with a series of catalysts of
varying Mo content that were sulfided at the same temperature
and time. Fig. VI-3 shows the data of Massoth and Kibby for
HDS of thiophene (measured at 343°C) and also the data of
Okamoto et al. (measured at 4000C); here the former data are
replotted to put them on the basis of weight of MoO 3, as used
by Okamoto et al.. Though the two studies differed in their
analytical techniques and in presulfidation conditions, both
show higher HDS activity to correlate with lower S/Mo ratios.
The S/Mo ratio after presulfidation is a measure of the
degree of completeness of this reaction, but a change in the
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S/Mo ratio during reaction, especially removal of S by inert
gas or hydrogen probably represents largely a different type
of alteration of catalyst structure associated with weakly
bonded sulfur. Its effect on reactivity may be interpreted in
terms of acidity associated with protons or vacancies associ-
ated with removal of sulfur.
VI.4.4. Nature of the Active Sites
In order to explain kinetic data for hydrodesulfuriza-
tion, several researchers have found it necessary to postulate
the existence of two kinds of catalytic sites on sulfided
CoMo/A1203 or NiMo/A12 03 catalysts. In a detailed study of
the thiophene HDS reaction network, Desikan and Amberg (1964)
proposed two kinds of sites to exist on sulfided CoMo/ A1203
catalyst: Site I is responsible for olefin hydrogenation and
thiophene HDS, and it has strong affinity for thiophene and
pyridine; Site II is weakly electrophilic and it facilitates
hydrogenolysis of hydrothiophnenes. Later Satterfield et al.
(1975), studying the simulataneous HDS of thiophene and HDN of
pyridine, proposed two catalytic sites to exist on a sulfided
CoMo/A1203 catalyst: Site I is active for HDS and very sensi-
tive to poisoning by nitrogen bases, Site II is much less
active for HDS, and less susceptible to pyridine poisoning.
In Chapter IV, in order to explain the effect of hydrogen
sulfide on the HDN of quinoline, two catalytic sites were also
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proposed on sulfided NiMo/A1203 catalyst: Site I is a sulfur
vacancy associated with molybdenum while Site II is a Bransted
acid site. We attribute sulfur vacancies as being responsible
for hydrogenation and hydrogenolysis reactions, while Bransted
acid sites are responsible for hydrogenolysis and ring isomer-
ization. Adsorption of an H2S molecule and dissociation can
convert a sulfur vacancy to a Bransted acid site and a sulfhy-
dryl group (SH), but the adsorption is readily reversible if
H2S is removed from the reaction system. The existence of SH
groups on a commercial sulfided CoMo/A12 03 catalyst has been
recently established by Maternova (1982) by a technique that
involved adsorption of silver ions from a pyridine solution.
The two kinds of catalytic sites proposed in the three
studies above parallel each other, and a sum of their charac-
teristics can be invoked to provide a consistent explanation
of how H2S affect HDS, HDN, hydrogenation and cracking reac-
tions in general. Some of these involve one category of reac-
tion, others involve more than one in the overall process.
Hydrogenolysis is defined here as breakage of single C-S, C-N,
or C-O bond. The direct extrusion of sulfur from thiophene is
not a simple hydrogenolysis reaction due to the involvement of
the aromaticity of the ring; Lipsch and Schuit (1969) proposed
that this reaction is facilitated by surface vacancies.
Type I sites:
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(1) These are sulfur vacancies associated with the molybdenum
atom. There may be different types of vacancies on the
surface as shown by e.s.r. studies (Konings et al.,
1978). Muralidhar et al., (1982) suggest that there are
corner vacancy sites having a higher degree of uncoordi-
nation than edge vacancy sites
(2) They can facilitate hydrogenation and dehydrogenation
reactions as well as the direct extrusion of sulfur from
thiophene. Muralidhar et al. propose that the corner
sites are active for HDS and edge sites are active for
hydrogenation.
(3) They are easily poisoned by nitrogen bases.
(4) There remains the possibility that these sites facilitate
hydrogenolysis.
Type II sites:
(1) There are Bransted acid sites, consisting of H+ on the
surface either from a promoter added to the catalyst
(e.g., phosphate) or from the dissociation of H2 S on the
surface, as described in Chapter IV. (The HDS 3-A
catalyst used here contains some sulfate and silicate,
which are also possible sources of Bransted acid sites.)
(2) These sites facilitate hydrogenolysis, cracking, and iso-
merization reactions that involve carbonium ion mechan-
ism.
-302-
(3) They are less vulnerable to poisoning by nitrogen bases.
The above framework can be used to rationalize the com-
petitive adsorption phenomena observed in simultaneous HDS/HDN
reactions (Satterfield et al., 1975), HDO/HDN reactions (in
Chapter V), and simultaneous hydrogenation of tetralin when
present with quinoline in the HDN reaction (in Chapter IV), as
well as a variety of studies of hydrogenation, HDN and HDS as
such.
VI.4.5. HDN of Quinoline and o-Ethylaniline
The HDN reaction networks of quinoline and o-ethylaniline
are described in Chapter III. Both networks involve hydroge-
nation and hydrogenolysis reactions. With quinoline the
heteroring must be hydrogenated before the hydrogenolysis of
the C-N bond can occur. Similarly the aromatic ring of o-
ethylaniline must by hydrogenated prior to hydrogenolysis.
The presence of H2S accelerates the overall quinoline HDN
reaction but inhibits the o-ethylaniline HDN reaction over a
sulfided NiMo/A1203 catalyst, as shown on Fig. VI-4. In
Chapter IV, it was shown that within these reaction networks
H2 S depresses the hydrogenation and dehydrogenation reactions,
but enhances the hydrogenolysis and ring isomerization. The
interpretation is that the presence of H2S results in less
sulfur vacancies (Type I sites) and more Bronsted acid sites
(Type II sites). Two hydrogenolysis reactions in the quino-
-303-
H2 S /H 2 x100
0.8 1.2
1 2 3 4 5 6 7
WT % CS2
Figure VI-4:
IN LIQUID FEED
H2S Increases the HDN of Quinoline but
Inhibits that of o-Ethylaniline
0.4 1.6
90
0
-
z
I,
z
0
I
80
70
60
50
40
30
20
i (''
r\v
-304-
line HDN reaction network are rate-limiting so the net effect
of the presence of H2S is an enhanced quinoline HDN conver-
sion. However in the HDN reaction network of o-ethylaniline,
the rate-limiting step is hydrogenation of its aromatic ring,
and H2S therefore reduces the total HDN conversion.
VI.4.6. HDS of Thiophene
The thiophene HDS reaction network over a sulfided
CoMo/A1203 was studied in detail by Desikan and Amberg (1964),
who proposed the scheme shown in Fig. VI-5. Sulfur can be
removed through two pathways A and B, A being the major route.
In pathway A thiophene undergoes direct extrusion of sulfur to
form butadiene, which is rapidly hydrogenated to 1-butene.
Thiophene can also be hydrogenated, through pathway B, to
tetrahydrothiophene, which undergoes hydrogenolysis to 1-
butene.
Owens and Amberg (1961) observed that H2S inhibited the
hydrogenation of butene and HDS of thiophene, the latter to a
lesser degree. The presence of H2S had very little effect on
cis-trans isomerization, double bond shifts, and butadiene
conversion to butene. These phenomena can be rationalized as
follows: H2S in the reactor decreases sulfur vacancies (Type I
sites) and increases Bransted acid sites (Type II sites) and
therefore it depresses the direct extrusion of sulfur in Path-
way A and hydrogenation of 1-butene, while increasing the
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hydrogenolysis of tetrahydrothiophene and butanethiol in Path-
way B. The net effect is that butene hydrogenation is inhi-
bited the most, and thiophene HDS as a whole is inhibited
less. Hydrogenation of butadiene, double bond shift of 1-
butene, and isomerization of trans-cis 2-butene are always
fast and close to thermodynamic equilibrium (Desikan and
Amberg, 1964) so that H2S has no significant effect on their
rates.
VI.4.7. Hydrogenation and Cracking of Hexene
Satterfield and Roberts (1968) and Lee and Butt (1977)
found that H2S inhibited butene hydrogenation as well as
thiophene HDS. Ramachandran and Massoth (1981) observed that
similar concentrations of H2S exerted no effect on hydrogena-
tion of hexene but a small amount of cracking of hexene
occurred, that increased linearly with H2S concentration.
The CoMo/A1203 catalysts used in the three studies had
similar compositions, about 3-4% CoO and 10-12% MoO3. In the
first two studies "moderate" presulfidation procedures were
used, H2 S-H2 at 1 atm and 3150 C for 3 hr for Satterfield and
Roberts, H2 at 4000 C for 10 hr and thiophene and H2 for
several hours for Lee and Butt. In the third work, a more
severe sulfidation was employed. The catalyst was not only
presulfided with H2S-H2 at 4000C for 2 hr, but was also sub-
jected to a feed of benzothiophene, H2S, H2, and heptane for
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three weeks to achieve steady state activity before studies
with hexene.
Some rates of thiophene HDS, chosen from the first two
studies, which have similar reaction conditions, are plotted
in Fig. VI-6a for comparison. The data of the first were
obtained at 2650 C and 14 torr thiophene feed, while the data
of Lee and Butt were at 2750C and 32 torr thiophene feed. The
rates are converted to the common basis of mol/(g)(min)(torr
of H2). In the first study, an average of 694 torr is taken
as the hydrogen partial pressure from the range reported.
Though the reaction conditions differ slightly, both
"moderately sulfided" catalysts showed comparable reaction
rates and inhibition of thiophene HDS by H2S.
The hydrogenation rate of butene at 3000 C by Lee and Butt
and that of hexene at 3500 C of Ramachandran and Massoth are
plotted in Fig. VI-6b. The "moderately sulfided" catalyst
provided a higher rate of butene hydrogenation which however
was inhibited by H2S, while a "severely sulfided" catalyst
provided a lower rate of hexene hydrogenation even at a higher
temperature and this was not affected by the same concentra-
tions of H2S used in the other two studies.
Ramachandran and Massoth attributed the hexene cracking
to protons formed by the heterolytic dissociation of H2S. (It
is suggested in this study that adsorption of H2S molecule
convert a sulfur vacancy to a Bransted acid site (H+) and a SH
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group on the catalyst surface.) A "severely sulfided" catalyst
presumably has a high ratio of S/Mo and less sulfur vacancies,
so the presence of H2S would not exert the same degree of
influence on the catalyst as in the case of "moderately sul-
fided" catalyst. A smaller amount of H2S would be dissociated
on sulfur vacancies under reaction condition. Such a small
reduction of sulfur vacancies might not be reflected in the
hydrogenation rate, but the generation of a small amount of
Bransted acid sites could result in a small portion of the
hexene being cracked.
VI.4.8. HDS of Dibenzothiophene
Broderick and Gates (1981) studied the HDS reaction net-
work of dibenzothiophene and found that H2 S depressed hydro-
genolysis but left hydrogenation unchanged, which seems con-
tradictory to the findings of thiophene HDS. However their
results can be interpreted in terms of the two kinds of cata-
lystic sites proposed here as follows.
The two principal pathways that they propose are shown in
Fig. VI-7. In pathway(A), dibenzothiophene undergoes direct
sulfur extrusion to form biphenyl. In pathway (B), diben-
zothiophene is hydrogenated to tetrahydrodibenzothiophene and
further to hexahydrodibenzothiophene, which in turn will
undergo hydrogenolysis to form cyclohexylbenzene. Broderick
and Gates found that H2S inhibited the reaction in pathway (A)
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but had no effect on the formation of the lumped products in
pathway (B). This can be rationalized as follows:
In the presence of H2 S, sulfur vacancies (Type I sites)
are decreased, while Bransted acid sites (Type II sites) are
increased. This results in an inhibition for pathway (A)
which requires vacancies as catalytic sites. Since the whole
pathway (B) can be kinetically controlled by hydrogenation as
well as hydrogenolysis steps, a simultaneous acceleration of
hydrogenolysis and inhibition of hydrogenation can result in
no significant change in the rate of formation of the lumped
products in pathway (B). Simultaneous acceleration of hydro-
genolysis and inhibition of hydrogenation resulted in an
almost constant quinoline HDN conversion over the range of 2
to 6 wt% CS2 added to feed, as shown in Chapter IV.
VI.4.9. HDO of Dibenzofuran
The HDO reaction network of dibenzofuran was studied by
Krishnamurthy et al., (1981). Due to the failure to detect
certain key reaction intermediates an approximate network was
proposed. However they found that the presence of H2S
enhances the total HDO conversion of dibenzofuran. The rate
limiting steps in dibenzofuran HDO must be heterogenolysis
reactions which are accelerated by H2S. It is interesting to
notice that H2S decreases the HDS conversion of diben-
zothiophene, though the two compounds have similar structures
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except the two different heteroatoms.
VI.4.10. Kinetics
The inhibition effects of H2S on the HDS of thiophene and
dibenzothiophene have generally been modeled by Langmuir-
Hinshelwood kinetics, through an adsorption term for H2S.
However the above discussion emphasizes that this may be ambi-
guous or ever misleading, in that the effect of H2 S is through
a structural change in the catalyst rather than through a sim-
ple competitive adsorption.
VI.5. Conclusions
Many of the results of the effects of sulfidation and
presence or absence of H2S during reaction in a variety of
studies of HDS, HDN, HDO and hydrogenation reactions on
molybdenum catalysts can be interpreted in terms of a few gen-
eralization. A moderate presulfidation procedure provides the
greatest HDS activity while complete sulfidation is desired
for highest HDN activity. Under reaction conditions the pres-
ence of H2 S inhibits any reaction with a rate-limiting step
facilitated by surface vacancies, but H2S enhances any reac-
tion with a rate-limiting step proceeding via Bransted acid
sites. HDS, HDN and HDO reactions are too complex to be sim-
ply categorized as such in considering catalyst activity.
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Appendix I
Physical Properties of Relevant Compounds
Molecular
Weight
Boiling
Point (C)
Hydrocarbon
Product
from HDN
and HDO
Cyclohexane
benzene
methylcyclohexane
toluene
ethylcyclohexane
ethylcyclohexene
ethylbenzene
propylcyclohexane
propycyclohexene
propylbenzene
Model quinoline 129.16 238
o-propylaniline 135.21 222
p-propylaniline 135.21 224
o-ethylaniline 121.21 210
p-ethylaniline 121.21 212
N-compound Py-tetrahydroquinoline 133.19 251
Bz-tetrahydroquinoline 133.19 222
trans decahydroquinoline 139.24 207
cis decahydroquinoline 139.24 210
Model m-ethylphenol 127.17 218.4
o-ethylphenol 122.17 204.5
benzofuran 118.14 174
o-compound dihydrobenzofuran 120.16 188
benzylether 198.27 298
benzodioxane 136.15 103/6mm
Liquid tetradecane 198.4 253.5
Carrier hexadecane 226.4 287
octadecane 254.5 316.3
Hydrogen Donor Tetralin 132.2 207.5
solvent trans-decalin 138.3 187.2
cis-decalin 138.3 195.7
and its Products
naphthalene 128.17 217.9
84.16
78.11
98.19
92.14
112.22
110.21
106.17
126.24
124.21
120.20
80.7
80.1
103.4
110.6
131.7
136.1
156.7
159.2
I
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Appendix II
Specifications for Chemical Used
Chemical Source Purity (%)
Toluene
xylene
ethylcyc lohexane
ethylbenzene
propylcyclohexane
propylbenzene
quinoline
o-ethyl.aniline
p-ethyl.aniline
Py-tetrahydroquinoline
Bz-trtrahydroquinoline
decahydroquinoline
o-propylaniline
p-propylaniline
benzofuran
dihydrobenzofuran
benzylether
benzodioxane
m-ethylphenol
o-ethylphenol
naphtha lane
-hexadecene
tetralin
decalin
1-methyl 1-cyclohexene
3-methyl 1-cyclohexene
4-methyl -cyclohexene
3-phenyl-l-propylamine
Aldrich
Aldrich
Aldrich
Pfatz & Bauer
Pfatz & Bauer
Eastman
Baker
Aldrich
Aldrich
Eastman
Aldrich
Friton
prepared in our lab.
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Gulf
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Adrich
99
99
99
98
99
99
99
98
98
99
97
97
99
98
99.5
98
99
97
99
99
98
98
99
95
98
98
98
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Appendix III
Specifications for Gases Used
Gas Source
hydrogen (reactant)
hylium (purge)
argon (purge)
helium (carrier gas)
hydrogen (FID detector)
Air (FID detector)
10% hydrogensulfide
+ 90% hydrogen
Matheson
Matheson
Airco
Matheson
Matheson
Matheson
99.95%
99.995%
99.997%
99. 999%
CH 4 < 2 ppm
CH 4 < 2 ppm
matheson
Purity
99.95%
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Appendix IV
Rate Constants Resulted Directly from Quinoline
Kinetic Data without Detailed Buildup in
the Reaction Network
Example:
Case (0) at 3750 C
Feed : Q
Rate Constant Pseudo FirstlPseudo firsti LH* I LH*
(hr. gcat/molQ)I order I order 19 reactionsill reactions9 reactions Ill reactions1 KSA/KAA =2 KSA/KAA = 2
kl 1 0.00049 0.0050 0.00056 1 0.00057
k2 0.0026 0.0027 0.0028 1 0.0029
k3 0.011 0.0099 0.011 0.010
k4 0.0043 0.0049 0.0052 0.0057
k5 -0.0015 0.00041 -0.0056 -0.0034
k6 -0.0019 1 -0.0046 -0.0021 -0.0033
kI7 0.0043 0.0036 0.0025 0.0021
k8 0.13 0.14 0.13 0.14
k9 0.016 0.021 0.016 0.021
klo J -0.0070 -0.0070
kll 0.0053 I I 0.0026
*see Chapter III
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Appendix V
Retreatment of Kinetic Data
of Vapor Phase Quinoline HDN
The kinetic data of quinoline HDN in vapor phase are
recalculated by the model used in this thesis. The rate
constants and the corresponding reaction conditions are
listed as follows:
The rate constants are used to simulate product distribu-
tion by Runge-Kutta method. The comparison between simulated
product distribution and experimental data are shown in
the following Figure A and Figure B.
P =6.9 MPa
PQ=13.3 KPa PQ=13.3 KPa
PH2S=H2S13.3 Kpa
Data measured by Data measured by
J.F.Cocchetto S.GUltekin
KNH/K =025 K /K =0.25NH3 AA NH3 A=
KsA/KAA=6 KSA/KAA =6
375 °C 330 C 3750 C 420°C
k1 0.0006 0.0005 0.002 0.010
k2 0.0052 0.00087 0.0045 0.012
k3 0.018 0.0056 0.016 0.035
k4 0.008 0.0030 0.009 0.019
k5 0.029 0.014 0.023 0.033
k 0.0021 0.00018 0.0017 0.017
k6 7 0.0012 0.0003 0.0018 0.008
k8 0.056 0.089 0.048 0.038
k 9 0.0096 0.0008 0.0036 0.020
k 0.0005 0.00003 0.0007 0.012
k 1 0.0002 0.00001 0.0003 0.005
kl~
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Appendix VI
Computer Programs Used in Kinetic Modelling
PROGRAM: GREAT
-HJB method is used to calculate the rate constants in the
reaction network of quinoline HDN-
C THIS I A COMBINED ASTER PROGRAM.
C
C
C THE FOLLOWING LISTING IS THE ORDER IN HICH THE COMPOUNDS ARE
C READ AND ASSIGNED IN THIS MASTER PROGRAM
C ANY NUNSER OF DATA POINTS AY BE READ INTO THIS MODEL.
C C1 = OUINOLINE
C C2 = OPA
C C3 = PS
C C4 - BZTHO
C C5 r DHO
C C6 s PCH
C C7 r PYTHO
C EITHER PB OR PCH HOULD INCLUDE PCHEP EB AND ECH
DIMENSION T(25), R(7.ll.25)eX(7tll,25)fA(llu11)tG(ll)
DIMENSION C(7.25). R0(711),CO(7), Y(7p25)PAA(4)
DIMENSION ASIM(121)vU(725)vOO(7),G(7,25).CG(7t25)
DIMENSION RT7(4,3)PRTB(43)tRTY(4.3)RTlO4,3)PRT6(4,3)
DO I KB=1,4
DO JD=l,3
RT7(KBJB) O
RT8(KBrJB)=O
RT9(KBJB)-O
RTlO(KBJB)uO
RT6(KBIJD)-O
I CONTINUE
CALL FOPEN(l',RUN3001')
CALL FOPEN(2#'RUN3002')
CALL FOPEN(3,t'RUN3003')
CALL FOPEN(4#'RUN3004')
CALL FOPEN(5, RUN3005')
CALL FOPEN(6.'RUN3006')
CALL FOPEN(16'DATAFILE')
AA(l)=l
AA(2)x2
AA(3)-4
AA(4)-6
IOUT-16
CALL FOPEN(B,'CONDITION')
READ(S) RNRM8.NS,KEY
TYPE R,NR,MS,NSKEY
REWIND 8
C IF ETHOD 6 IS NOT ANTED. PUT KEY TO ANY OTHER NUNBER
IF(KEY.NE.6) 00 TO 20
CALL FOPEN(7.'KNOWN300123')
KAA=2
DO 2 JX-I,3
READ(7) RT7(KAAJX)gRTB(KAAJX)tRTlOCKAAiJX).RT9(KAAPJX),RT6(KAA.JX)
TYPE RT7(KAA,JX)PRTI(KhAAJX)tRTIO(KAAJX)tRT9(KAAJX)uRT6(KAAeJX)
2 CONTINUE
REWIND 7
20 CONTINUE
30 30 HETHHR,NR
tF(METH.EO.6.AND.KEY.NE.6) 80 TO 30
IF(METH.LE.2) NSS-1
IF(METH.GT.2) NS6-NS
DO 40 KA-MHSNSS
IF(HETH.LE.6) NN-1
IF(NETH.LE.6) LLB3
IF(NETH.OT.6) NN4
IF(HETH.GT.6) LL06
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O 50 JXBNNLL
IN"JX
READ(IN) NCONPuNRECNTINETO.IMCeAK2tAK1,AK3,NRUNmTENPPRESS
AK2uAA(KA)
TYPE NRUNHNETH,AK2,AKI
READ(IN) TOp(CO(J,)tJltNCONP)
*O 500 I-lNTIHE
READ(IN) T(I),(C(J.I),)Jl,NCOMP)
500 CONTINUE
DO 501 J-l,NCOHP
DO 501 I,NTIMEC(Jl)=C(J,I)/100.0
501 CONTINUE
DO 502 J-1,NCOP
CO(J)-CO(J)/100.0
502 CONTINUE
C
C ZERO ALL ARRAYS
C
DO 510 L1,NREC
DO 510 I-ItNTIHE
DO 510 K-1NREC
DO 510 J=,NCONP
R(J,KDI)O.O
RO(J,K)-O.O
X(JtKXI)O.O
G(K)-0.0
A(KtL)-O.O
OO(J)O.O
G(JI) O.O
CO(J,l)-O.O
S10 Y(JI)-O.O
C CHOOSE THE TYPE OF CALCULATION DESIRED.
IF(METH.EG1) CALL FBT9(TOCOtTsCNTINERORNCO#P,NREC)
IF(HETH.EO.2) CALL FST11(TOtCOTCtNTINERORNCOPpNREC)
IF(ETH.EG.3) CALL LH9(TOICOTPCPNTIMERORPNCOPtNRECtAK1tAK2,AK3)
IF(HETH.EO.4) CALL LH11(TOCOeTfCtNTINEtRORNCOHPNRECtAKlIAK2tAK3)
IF(METH.EO.5) CALL TOPS(TOICO,TCtNTINEROtRNCONPNRECAKlAK2PAK3)
IF(METH.EG.6) CALL TOP6(TO9CO,T,CNTIME.RORNCOPNRECAKIAK2AK3,
I OO,CORT7RTUORT9,RT1O,RT6,KAJX)
IF(NETH.EO.7) CALL Z3(TOCO.T.CINTIMERORNCOHPNRECAKI1AK2AK3)
IF(#ETH.Eg.8) CALL Z5(TOtCOTICNTIMHEROwRNCONPNRECAK1,AK2eAK3)
C
C CALCULATE THE INTEGRAL OF THE R VALUES OVER TIME CALCULATION OF AREA
C UNDER THE GRAPH OF R VS T)
C
DO 540 JlNCOHP
DO 540 K1,NREC
DO 540 I=lINTIME
IF (I-1) 55,6
S X(JKsl)=(T(I)-TO)*(R(J,K,I)+RO(J,K))$O.S
00 TO 540
4 X(JKI)-X(JKI-1)+(T(I)-T(-l))$(R(JtK#I)+R(JtKI-1))$O.5
540 CONTINUE
C
C CALCULATE CONCENTRATION DIFFERENCES
DO 550 IINTIME
DO 550 JuNCONP
S50 Y(JtI)OC(JpI)-CO(J)-CO(JtI)
C
C CALCULATE EIGHTING FACTORS
C
CALL EIGHT(YrNCOMPNTIHEWiIMC)
C
C CALCULATE THE ELEMENTS OF A AND 
C
DO 560 K-1NREC
DO 560 LIpNREC
DO 560 J1NCOMP
*0 560 IfNTINE
A(KL)m(((JZ))$2)*X(J,K,I)X(JLp)+A(K.L)
560 CONTINUE
DO 565 KlrNREC
DO 565 Lt.NREC
TYPE A(KL).KPL
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565 CONTINUE
N-1
DO 567 K-1,NREC
DO 567 LlNREC
ASIM(M)mA(KL)
M-M+1
567 CONTINUE
DO 570 Kl,NREC
DO 570 J,INCOMP
DO 570 I-lNTIME
570 O(K)-((M(J,I))**2)*Y(Jt.)$X(J.K.IZ)G(K)
C CALL SSP SUBROUTINE TO SOLVE A.DB=G HERE B=RATE CONSTANTS AND SOLUTION
C OF ILL RETURN IN NEW REVISED MATRIX 
C
CALL SI01 (ASIM.G.NREC,KS)
C
C MRITE OUT INPUT DATA. KS AND RATE CONSTANTS
C
IF(NETH.EO.1) RITE(IOUT.931)
IF(METH.EO.2) RITE(IOUT.932)
IF(NETH.EQ.3) WRITE(IOUTt933)
IF(METH.EQ.4) WRITE(IOUT,934)
IF(METH.EO.5) WRITE(IOUT.935)
IF(HETH.EO.7) WRITE(IOUT,937)
IF(NETH.EO.8) URITE(IOUT,938)
IF(METH.EO.6) WRITE(IOUT.936)
C
931 FORHAT(1X.'KINETIC MODELt PSEUDO FIRST ORDER, 9 REACTIONS')
932 FORNAT(1X,'KINETIC NODELS PSEDO FIRST ORDER. 11 REACTIONS')
933 FORMAT(1X,'KINETIC MODEL? LANGMUIR-HINSHELNOOD. 9 REACTIONS')
934 FORMAT(1X,'KINETIC MODEL LANGHUIR-HINSHELWOOD 11 REACTIONS')
935 FORhAT(lXt'KINETIC MODELt LANOHUIR-HINSHELWOODt TOP NETWORK 5
1 REACTIONS')
937 FORMAT(IX"KINETIC NODEL: LANGMUIR-NINSHELHOODp BOTTOM NETWORK 3
1 REACTIONS (FOR BZTHQ DATA ONLY)')
938 FORHAT(IX.'KINETIC ODEL: LANGHUIR-HINSHELUOODo BOTTOM NETWORK 5
1 REACTIONS (FOR BZTHO DATA ONLY)')
936 FORHAT(IX.'KINETIC MODELS LANGMUIR-HINSHELUOODTOP NET#ORKCOMPLETEO)
C
WRITE(IOUT,907)NRUNPPRESSTEMPPNCOM"PNRECNTIMHETO,IWCAK2,AK1,AK3
907 FORMAT(1Xp'RUN NO. ',I4tSX,'PRESSURE - '.F61,SX'TENPERATURE · 'oF6.l1//p
1 IXY'NUHBER OF COMPOSITIONS · t,14,/p
1 1X,'NUNBER OF REACTIONS * '.4,/,
1 IX'NUMBER OF DATA POINTS 0 ',14./.
I lXv'INITIAL TIZE · 'F5-.I/
1 LX,'tETHOD FOR EIOHTING FACTOR - ',14./,
I IX,'ADSORPTION RATIO. KSA/KAA - ',F6.2,/u
1 IX,'ADSORPTION RATIO. KAA/KAA - ',F6.29,
l IXt'ADSORPTION RATIO, KNH3/KAA - 'F6.2u/)
WRITE(IOUT.900) KS
900 FORMAT(1X,'KS - ',I3)
C
¥RITE(IOUT,910)
910 FORAT(iX,'RATE CONSTANTS ARE')
C
DO 580 K-1NREC
URITE(IOUT,920) K,G(K)
920 FORHAT(lX,'D(',t2,') 'B15.7)
590 CONTINUE
¥RITE(IOUT,930)
930 FORMAT(////)
C
REUIND JX
50 CONTINUE
40 CONTINUE
30 CONTINUE
CALL RESET
END
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PROGRAM: WEIGHT
SUDROUTINE EISHT(YTNRECNTINEU,IWC)
C THIS SUBROUTINE FOR THE CALCULATION OF EIHTINO FACTORS FOR THE
C ALORITHM USED FOR THE DETERMINATION OF KINETIC RATE CONSTANTS
C FOR THE HYDRODENITROOENATION STUDY OF UINOLINE.
C
C
C SPECIAL NOTE: 2REC USED IN THIS PROGRAM IS ACTUALLY NCOMP FROW
C THE ASTER PRORANM.
lIMENSION Y(725)tW(7t25)
C
C THE VALUE IC IS A SITCH. IT'S VALUE DETERMINES NOU THE
C WEIGHTING FACTORS ARE CALCULATED.
C IF INC - THEN THE WEIGHTS ARE RELATED TO THE VARIANCE OF Y
C IF IWC O) THEN THE EIGHTS ARE A RELATIVE DEVIATION OF Y
C IF INC 1i THEN THE WEIGHTS ARE EUAL TO 1
C
IF (IVC)59plO
C
S DO J,NREC
SU=O.O
FTIME-NTINE
DO I,NTIME
& UN-SUN+Y(JtI)
AVO-SUM/FTIME
SUmO.0O
DO 7 INTIHE
7 SUNMSUM+(Y(JtI)-AVS)5$2
DO 4 IPioNTIME
4 W(JI)·SUM*S(-0.5)
S CONTINUE
SO TO 15
C
9 DO 20 JNREC
DO 20 I-1NTIME
20 (JI)-1.O/ADS(Y(JvI))
00 TO 15
C
10 DO 30 J1NREC
DO 30 IeNTIME
30 WU(JtI)1.O
00 TO 15
C
15 RETURN
END
PROGRAM: SIMQ1
SUSROUTINE SIMOl(AD3tNPKS)
C ODTAIN SOLUTION OF A SET OF SIMULTANEOUS LINEAR EQUATIONS. A X 3
C
C DESCRIPTION OF PARAMETERS
C A - MATRIX OF COEFFICIENTS STORED COLUMNWISE. THESE ARE DESTROYED IN
C THE COMPUTATION. THE SIZE OF ATRIX IS A NXN
C D - VECTOR OF ORIGINAL CONSTANTS (LENGTH N). THESE ARE REPLACED
C BY FINAL SOLUTION VALUESt VECTOR X.
C N - NUMBER OF EUATIONS AND VARIABLES. N MUST BE T.ONE.
C KS- OUTPUT DIGIT
C 0 FOR NORMAL SOLUTION
C 1 FOR A SINGULAR SET OF EUEATIONS
C
C METHOD
C METHOD OF SOLUTION IS DY ELIMINATION USING LARGEST PIVOTAL DIVISOR
C EACH STAGE OF ELIMINATION CONSISTS OF INTERCHANGING ROWS WHEN NECESARY
C TO AVOID DIVISION BY ZERO OR SHALL ELEMENTS.
C THE FORWARD SOLUTION TO OBTAIN VARIABLE N IS DONE IN N STAGES.
C THE BACK SOLUTION FOR THE OTHER VARIABLES IS CALCULATED BY SUCCESIVE SUBSTITUTIONS
C FINAL SOLUTION VALUES ARE DEVELOPED IN VECTOR t WITH VARIABLE IN
C D(1). VARIABLE 2 IN B(2)... VARIABLE N IN B(N).
C IF NO PIVOT CAN BE FOUND EXCEEDING A TOLERANCE OF 0.0 THE ATRIX
C IS CONSIDERED SINGULAR AND KS IS SET TO 1. THIS TOLERANCE CAN BE
C MODIFIED BY REPLACING THE FIRST STATEMENT
XIMENSION A(I)#S(I)
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FORWARD SOLUTION
TOLwO.O
K9 O
JJ--N
DO 65 JlvN
JY-J+l
JJ-JJ+N+1
RIOAO.O
IT-JJ-J
DO 30 I-JtN
SEARCH FOR AXIMU COEFFICIENT IN COLUMN
IJmIT+l
TYPE IJA(IJ)
IF(ASS(DBIA)-ADS(A(IJ))) 20,30,30
20 BIGA-A(IJ)
IMAX=%
30 CONTINUE
TYPE ISA, IJ, (A(IJ)PIJ=17924)
C TEST FOR PIVOT LESS THAN TOLERENCE
C
IF(ABS(BIGA)-TOL) 35,35,40
35 KS-
TYPE 'CALCULATIONS TERMINATE AFTER
TYPE BIOA
RETURN
C INTERCHANGE ROWS IF ECCESARY
( SINGULAR MATRIX )
TOLERANCE TEST'
40 II-J+N*(J-2)
IT-IMAX-J
DO 50 KsJ,N
II=II+N
12-II+IT
SAVE-A(II)
A(II)-A(12)
A(I2)uSAVE
DIVIDE EOUATION DT LEADING COEFFICIENT
A(II)A(lII)BISA
9AVE-DICiAX)
D(IMAX)nB(J)
g(J)-SAVE/BIOA
ELIMINATE NEXT VARIADLE
IF(J-N) 55,70,55
55 IOS-Nt(J-I)
DO 65 IX-JY9N
IXJ-IOS+IX
IT=J-IX
DO 60 JX=JYtN
IXJXWNt(JX-l)41X
JJX-IXJX+IT
60 A(IXJX)=A(IXJX)-(A(IXJ)*A(JJX))
65 (IX)-B(IX)-(B(J)$A(IXJ))
BACK SOLUTION
70 NY-N-1
ITNtN
DO BO JlNY
IA=IT-J
IBN-J
IC-N
DO 80 KpJ
D(IB)=b(Ib)-A(CIA)$(IC)
IA=IA-N
S0 IC-IC-i
RETURN
END
c
C
C
C
C
C
C
C
C
50
C
C
C
C
C
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PROGRAM: FST9
-Pseudo first order kinetics, overall quinoline HDN
reaction network, 9 rate constants
1 Y5 Y2
0 -PYTHQ OPA
3 5 2 6 1
BZTHO DHQ H.C.NH
Y3 7f Y4
SIUROUTINE FST9(TOsCOvTeCeNTINEuROeRNCOMPeNREC)
C
DIMENSION CO(7)iT(25)C(7.25),RO(7,11)tR(7t11,25)
C
NCOMP-5S
NRECm9
C
C REARRANGE COMPONENTS FOR THIS CALCULATION.
C
C0(3)-C0(4)
C0(4)-CO0()
CO(5)-CO(7)
C
DO 10 IpNTIME
C(3,I)-C(4,I)
C(4*I):C(5,I)
C(S*I)aC(7tI)
10 CONTINUE
C FOR ZERO TIME
C
RO(I,3)'-CO(I)
RO (1 ,7)-C0(1)
RO(18)-C0(5)
RO(2,1)C0(5)
RO(2,2)w-CO(2)
RO(3,3)mCO(1)
RO(3p,)--CO(3)
RO(4t4)-CO(5)
RO(4,5)-CO(3)
RO(4,6)--CO(4)
RO(5,1)--CO(5)
RO(5,4)m-CO(5)
R0(5,7)-C0(1)
RO0(5,0)-CO(5)
RO(3,9)=CO(4)
RO(4*9)"-COt4)
C
C FOR ALL REMAININO TIMES
C
DO 520 I1,tNTIME
R(13,I)--C(1,I)
R(1,t I)C(SI)
R(2,1,I)=C(5,I)
R(3,3,1)-C(2I)
R(3v5,I).-C(3,I)
R(4,4,I)mC(5,I)
R(4,5,t)=C(3,I)
R(4,6rI)--C(4,I)
R(5,iI)--C(5,I)
R(5,4,I)--C(SI)
R(5,7,I)-C(1,I)
R(5,8,I)--C(51,)
R(3,t,I)-C(4,)
320 R(499,I)u-C(4tI)
C
RETURN
IED
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PROGRAM: FSTll
--Pseudo first order kinetics, overall quinoline HDN
reaction network, 11 rate constants-
T1 7 y 1 T2
a P10 -W.H OPA
3ji 65 40 12
BD Q 6 - H.C.h3
Y3 9 4
SOUROUTINE FTll(TOuCOfT.CuNTINEvROGRNCO#P.NREC)
C
b3IENBION CO(7),T(25),C(7,25).RO(7u11)eR(7,11,25)
C
NCONP5
NREC-11
C
C REARRANGE COHPONENTS FOR THIS CALCULATION.
C
C0(3)-C0(4)
C0(4)-CO(5)
CO(S)-CO(7)t
D0 10 IlNTIME
C(3tI)-C(4,I)
C(4tl)&C(5pI)
C(S5I)mC(7,I)
10 CONTINUE
C FOR ZERO TIME
R0(1,3)m-CO(l)
RO(1u?)s'C0(1)
RO(i,I)-CO(1)
RO(2,I)C0(5)
R0(2,2)--C0(2)
R0(3p)aCO(1)
R0(3,5)m-C0(3)
R0(4,4)mCO(5)
RO0(4,5)-C0(3)
R0(4,6):-C0(4)
RO(5,1)--CO(5)
R0(5,4)--C0(5)
RO(5,7)-CO(1)
RO(S,S)m-CO(5)
R0(3,9)-C0(4)
R0(49)u-Ce0(4)
R0(3,11)--C0(3)
R0(111)-C0(3)
R0(4,10)--CO(4)
RO(S0O10)-C(4)
C
C FOR ALL REMAINING TIMES
00 520 IItNTINE
R(i,3uI)-C(1,I)R(lt7,I)-Cll)
R(1,8,1)uC(5,I)
R(2,1I)C(5,I)
R(2,2,I)--C(2,I)
R(3.3,I)-C(1,l)
R(3,5,I)--C(3tI)
R(4t,4I)-C(S,)
R(4i5,I)-C(3,I)
R(4,6t1)s-C(4,I)
R(5,1,)"-C(5Il)
R(5'4,I)-C(5,1I)
R(5,7,I)-CC4I)
R(4,9,1I)-C(4,I)
R(3,11pI)--C(3,I)
R(1,11l)-C(3,l)
R(4,10,I)s-C(4,I)
520 R(5,10,I)-C(4,1)
C
RETURN
END'
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PROGRAM: LH9R
--Nomenclatures are the same as those used in program FST9.
Langmuir-Hinshelwood kinetics-
SUDROUTINE LHll(TOPCO,TCtNTINERORuNCONPPNRECAKIAK2pAK3)
C
DINENUION CO(7)pT(25)C(72)5RO(7pli),R(7,11,25)
C
NCONMPS
NRECill
C
C REARRANGE COMPONENTS FOR THIS CALCULATION.
C
CO(6)-CO(6)+C0(3)
C0(3)-C0(4)
CO(4)-C0O(5)
CO(5)-CO(7)
C
DO 10 IsoNTI#EC(6,I)-C(6,I)+C(3,I)
C(3p,)-C(4,I)
C(4tI)nC(SI)
C(SX)-C(70t)
10 CONTINUE
C
DLNO-AK1S(CO(1)CO(2)+CO(3)+CO(5))*AK2$(CO(4))+AK3*CO(6)
RO(1,3)w-nlCO( l)/DL0
RO0(Z7)--AKltCO(I)/DLHO
RO(1,8)lltCO(S)DLHO
RO(ili)-AK1CO(3)/DLHO
RO(2v1)w1*CO(5)/DLHO
RO(22)s-AKI*CO(2)/DLHO
R0(3v3)AK1SCO(I)/DLHO
RO(3,5)--AK1*CO(3)/DLHO
R0(3vt)-AK2$CO(4)/DLNO
R0(3,11)--AK1*CO(3)/DLHO
R0(44)$1*CO(5)/DLHO
R0(4,5)AKl*CO(3)/DLH0
RO(4,6)--AK2*CO(4)/DLHO
RO(4t9)--AK2*CO(4)/DLHO
RO(4tl0)--AK2*CO(4)/DLHO
RO(51l)--lCO(5)/DLHO
RO(S,4)--l1CO(5)/DLHO
RO(5S7)-AKI*CO(L)/DLHO
RO(5,B)--IlCO(5)/DLHO
RO(S,lO)-AK2*CO(4)/DLHO
C FOR ALL REMAINING TIMES
C
DO 520 I-1,NTI#E
LNH-AKI$(C(Jl)IC(2,I)*C(39t1)C(5fI))AK2$(C(4It))*AK3*C(6,I)
C
R(1t,3,I)--AKliC(1I)/DLH
R(1,7TI)-AK1*C(lI)/DLH
R(9B,I)alIC(5,I)/DLH
R(l,llI)-AK1*C(3,I)/DLH
R(2,1,l)-IRC(5pI)/DLH
R(2,2,I)-AK1I*C(2,I)/DLH
R(3,3,I)A-KI*C(1,I)/DLH
R(3,5,I)--AKI*C(3,I)/DLH
R(Zt9,I)-AK2C(4,I)/DLH
R(3,11I)-AK1C(3,I)/DLH
RC4,4tI)-l*C(SI)/DLH
R(4,5,I)-AK1*C(3I)/DLH
R(4,6,1)--AK2*C(4,I)/DLH
R(4#99I)=-AK2*C(4,I)/DLH
R(4,t10I)-AK2*C(4,I)/DLH
R(5,4lI)--1*$C(SI)/DLH
R(597,1)AKI*C(lI)/DLH
R(5.Im)--1*C(5,I)/DLH
520 RS,10,pI)-AK2SC(4,I)/DLH
C
RETURN
END
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PROGRAM: LHllR
-Nomenclatures are the same as those used in program FSTll.
Langmuir-Hinshelwood kinetics-
CUDROUTINE L(TOCOtTfC,NTINEtRORNCOMP.NRECAKIAK2,AK3)
C
DInENSION CO(7)vT(25)PC(7T25),RO(7,11),R(711,25)
C
NCOMP-S
NREC59
C
C REARRANGE COMPONENTS FOR THIS CALCULATION.
C
CO(6)-CO(6)+C0(3)
C0(3)C0(4)
C0(4)-C0(5)
CO(S) COC7)
C
DO 10 I-19NTIME
C(6eI)aC(6fI)+C(3ZI)
C(39I)-C(4,I)
C(4,I)uC(5,I)
C(591)mC(7pl)
10 CONTINUE
C
DLHO-AKlISCO(1)+CO(2)+CO(3)CO¢(5) AK2t(CO(4))+AK3SCO(6)
C
C FOR ZERO TIMHE
C
RO(I13)--AKI*CO(1)/DLHO
RO(1,7)=-AKl*CO(1)/DLHO
RO(1,B)-I$CO(S)/DLHO
RO(2,1)-ltCO(5)/DLHO
RO(2w2)m-AKI*CO(2)/DLHO
R0(3v3)-AKI$CO(l)/DLHO
RO(3,5)B-AKI*CO(3)/DLHO
RO(3,9)-AK2*CO(4)/DLHO
RO(494)-l*CO(5)/DLHO
R0(4r5)-AKl*CO(3)/DLHO
RO(4,6)m-AK2tCO(4)/DLHO
RO(4t,)--AK2*CO(4)/DLHO
RO(S,1)--I*CO(5)/DLHO
RO0(54)--l*CO(5)/DLHO
RO(5,7)BAK1*CO(1)/DLHO
RO(5e8)=-I*CO(5)/DLHO
C
C FOR ALL REMAINING TIMES
C
DO 520 I-1,NTIME
C
C CALCULATE THE L-H DENOMINATOR.
C
DLH=AKi*(C(II)+C(2,I)+C(3,I)+C(5,I))+AK2$(C(4,I))+AK3*C(6,I)
C
R(1,3p1)u-AKI$C(lI)/DLH
R(1,,PI)ml*C(StI)/DLH
R(2lpI)e$lC(StI)/DLH
R(221)--AKI$C(2,I)/DLH
R(C33,I)aAKl1C(lI)/DLN
R(3,5,I )-AKI$C(3.I)/DLH
R(39.tI)=AK2*C(49I)/DLM
R(4,4,I)-I*C(S,I)/DLH
R(4p5tI)-AK1C(3pI)/DLH
Rf(4t6)--AK2*C(4 I)/DLH
R(49,I)u-AK2SC(4t1)/DLH
R(51,I)m--l*C(5,I)/DLH
R(54pI}t)-ImC(5,I)/DLH
R(57,uI)nAKI*C(It)/DLH
S20 R(5#SI)-1*C(StI)/DLH
C
RETURN
END
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PROGRAM: TOP5R
-Langmuir Hinshelwood kinetics, simplified Zone III,
used by S. Gltekin-
SUBROUTINE TOP5(TOCOTC,NTIME,RO,RPNCOMPPNREC AKIAK2,AK3)
DIHENSION CO(7)9T(25)C(725)tR0(7,11),R(7tllt25)
RENAME COMPONENTS FOR THIS CALCULATION.
CO(6) CO(6)+C0(3)
C0(3)-C0(2)
CO(2)sCO(7)
DO 505 It1iNTIHE
C(6,I)-C(6,I)+C(3,I)
C(3,I)-C(2,I)
C(2,1)-C(7,1)
505 CONTINUE
Y1 1 Y2 3"
0 PYTHQ s
i 31
NRECm4
NCOMP-2
C FIRST CALCULATE THE ENOMHIATOR FOR THE LNOUIR-HINSHELWOOD ODEL
C
DLHO=AK*I(CO(I)+CO(3)+CO(4)+CO(2))+AK3*(CO(6))+AK2*(CO(5))
C
C FOR ZERO TIME
C
RO(1.l)=-AKltCO(1)/DLHO
RO(12)zl*CO(2)/DLHO
RO(14)=-AKI*CO(1)/DLHO
RO(2,1)=AKI$CO()/DLHO
RO(292)=w-lCO(2)/DLHO
R0(2,3)--ItCO(2)/DLHO
C
C FOR ALL REMAINING TIMES
C
DO 520 I1rNTIHE
C CALCULATE THE DENOMINATOR FOR THE L-H MODEL FOR ALL REHAINING TIMES
C
DLH.AKI(C(Itl)+C(3I)+C(4tI)+C(2tI))+AK3*(C(6tI))+AK28(C(5,I))
R(itltI).-AKI*C(1tI)/DLH
R(lt2tI)t$*C(2I)/DLH
R(194PI)-AKIC(I,)/DLH
R(2,1,1)=AK*$C(1I)/DLH
R(2v2,I)=-1tC(2,I)/DLH
R(2,3,I)=-l$C(2,I)/DLH
520 CONTINUE
RETURN
END
PROGRAM: TOP6R
-Langmuir Hinshelwood kinetics, Zone III-scheme(i)--
SUBROUTINE TOP6 (TOCOT,CNTIMERO.RNCOMPNRECAKlAK2tAK 3 PGOrGvCoGI RT7,RT8,RTY.RT10ORT6KAPJX)
DIMENSION Ct7;T(25) C(7t25)RO(7v11),R(7,1125)bO(7)tg(7t 25 ),CQ(7 2 5)DIMENSION RT7 (4;3 )fRT8(493)RT9(434)RT3)RT10(43)RT6 (43)NCOMF=4
NRECa6
KA-KA 1 2
JXuJX 1 Y o2
REARRANGE CONPONENTS FOR THIS CALCULATION
CO(1)-CO(1)C0(2)'C0(7)
CO(3)aC0(4)
CO(4)-C0(5)
CO(5)-C0(2)
CO(6)uCO(6)
ii, (7) I
BZTHO - DHQ ( ) LCNH
3 rY
C
C
C
C
C
C
C
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0O 10 IsaINTINE
C(3l,)aC(1lI)
C(2,I)-C(7,I)
C(3,I)-C(4,1)
C(, I)-C(&,I)W, =C(2, )
10 CONTINUE
BLHO-(COC)CO(3)+CO(5)+CO(2))$AKI+CCO(4))$AK2+CO(6)SAK3
C
C FOR ZERO TINE
C
RO(lI)--CO(l)*AK1/DLHO
RO(1,2)=CO(2)$AKl/DLHO
RO(l,5)CO(3)*AK1/DLHO
RO(1,3)=-CO(l)*AK1/DLHO
RO(2,1)CO(l)AK/DLHO
R0(2,2)=-C0(2)*AKl/DLHO
RO(2,4)--CO(2)AKI/DLHO
RO(2,6)=CO(4)*AK2/DLHO
RO0(3,5)=-C0(3)*AK1/DLH0
RO(3.3)=CO(l1)AK1/DLHO
RO(4#4)CO(2)*AK1/DLHO
RO(4,6)=-CO(4)AK2/DLHO
C
C FOR ALL THE REMAINING TIMES
C
DO 520 IZ=lNTIME
C CALCULATE THE DENONINATOR FOR THE L-H ODEL FOR ALL REMAINING TIMES
DLHIAK1*(C(Ie)+C(3,I)+C(SZ)+C(29I))+AK2*(C(4ft))tAK3SC(6,I)RIlpI)--C(lIt)AK1/DLH
R(1#2p)C(2,I)tAK/DLH
R(S5,I)-C(3,I)*AK1/DLH
R(1,3tl)=-C(lIt)*AK1/DLH
R(2,1I)-C(l,I)tAK1/DLH
R(2t2,l)--C(2.I)*AK1/DLH
R(2,4.I)=-C(2,I)*AK1/DLH
R(2,6I)-C(4tI)*AK2/DLH
R(3,5rI)=-C(3I)*AK1/DLH
R(3,3. I)=C(,I)AK/DLH
R(4,4rI)=C(2,I)SAK1/DLH
520 R(4.6,I)--C(4tI)*AK2/DLH
C
C CALCULATE THE KNOWN CONCENTRATIONS IN THE RATE EXPRESSIONS
C
DO 531 IliNTIME
00(2)=-CO(2)$AKltRT9(KAJX)/DLHO
00(3)=(CO(4)$AK2*RT8(KA,JX)-CO(3)RT7(KAPJX)*AK1)/DLHO
00(4)=(CO(3)$AK1*RT7(KAPJX)-RTB(KA,JX)*CO(4)*AK2-RT10(KAJX)*CO(4)
1 *AK2)/DLHO
0(2,I)=-C(2I)tAKlIRT9(KAPJX)/DLH
0(3,I)=(C(4ZI)$AK2*RT8(KA.JX)-C(3I)$RT7(KAPJX)*AK1)/DLH
0(4,I)=(C(3,)*AKISRT7(KAPJX)-RTS(KAPJX)$C(4I)*AK2-RTIO(KAJX)*C(4I)
1 AK2)/DLH
C
IF(I-1) 11,11,12
11 C(2,I)-(T(I)-TO)*(0(2/)+00(2))*0.5C(3,I)=(T(I)-TO)*(O(3,I)+00(3))*0.5C(4,I)=(T(I)-TO)*(O(4,I)+00(4))*0.5
GO0 TO 531
12 C(2,I)uC(2.I-1)+(T(I)-T(I-l))*((2,1)tO(2,I-1))*$.5
CG(4,I)=CC(4,I-)+(T(I)-T(I-1))*(0¢4,I)+0(4,I-1))$O.5C(3I)uCO(3,I-1)+(T(I)-T(I-))$(¢(3,I)+D(3I-1))0.5
531 CONTINUE
RETURN
END
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PROGRAM: TOP5NR
-Langmuir-Hinshelwood kinetics, Zone III-scheme(ii)-
SUBROUTINE TOP6(TO,CO,T,C,NTIMEpRORNCOMNPNRECAKIAK2,AK3,GO,GCO,
1 RT7wRTBvRT9,RTlOoRT69RT5KAJX)
DIMENSION CO(7),T(25),C(7,25),RO(7tll),R(7e11925)00(7)PO7,25),CQ(7t25)
DIMENSION RT7(4,3),RTS84,3).RT9(43),RTIO(4.3) RT6(4,3)PRT5(4,3)
NCOMP-4
NREC=5
KAsKA
JX-JX Y! YlC REARRANGE COMPONENTS FOR THIS CALCULATION 1 (9)
~C ~ ~ ~ ~ ~ P Y'THQ -- OPA
COCI)CO(1) 
COl2)=CO((7 37) 711 411(6) 1CO(3)CO(4) (10)
CO(4):CO(5) BZTH DHG (1HCC0(5)C0(2) y3 (C0(6)-C0O6)
C
DO 10 I-IuNTIMEC(lI)=C(ltI)
C(2,1)C(7,1)C(3I)=C(4,)C(4I)C(5, I)C(51)C(2,Z)C(6pl)C(6,I)
10 CO TINUE
DLHOCO(1)CO(3)+CO(5)+C0(2) )AKI+(CO(4))SAK2+CO(6)*AK3RO(,1)=-CO(l)AKi/DLHO
RO(12)-CO(2)tAK1/DLHO
RO(1.5)-CO(3)tAK1/DLHO
RO(i.3)--CO(l)*AK1/DLHO
RO(2,1)CO()*AK1/DLHO
RO(2,2)-C(2)*AKI/DLHO
RO(24)--CO(2)*AK/DLHO
RO(3,5)a-CO(3)SAK1/DLHO
RO(3.3)-CO(1)*AK1/DLHO
RO(44)-CO(2)AK1/DLHO
DO 520 IiNTIME
C CALCULATE THE DENOMINATOR FOR THE L-H ODEL FOR ALL REMAINING TIMESDLHAKilC(,I)+C(3l,)+C(StI)C(2I))+AK2$(C(4,I))+AK3*C( 6 ,I)R(lI.I)-C(lI)SAKI/DLH
R(i,2pI)-C(2,Z)*AK/1DLH
R(l,5,l)C(3,1)$AK1/DLH
R(l,3,I)--C(lI)*AK1/DLHR(2l, 1)C(II)tAK1/DLH
R(2,2pI)--C(2,I)AKI/DLH
R(2,4,I)--C(29I)lAK1/DLH
R(3,5,I)--C(3I)tAK/DLH
R(2,2,I)--C(2,I)*AKI/DLH
R(2o43l)"-C(2tI)IAK1/DLH
R(3,5,I)=-C(3,1)*AK1/DLHR(3,3,I)CtIt)*AKDLH
520 R(4,4o,)C(2I)*AK1/DLH
C CALCULATE THE KNOWN CONCENTRATIONS IN THE RATE EXPRESSIONS
C
DO 531 I1,NTIZE
00(2)-CO( 2)AK*lRT9(KAJX)/DLHO4CO(4)*RT6(KAJX)*AK2/DLHO
00(3)-(CO(4)*AK2*RTB(KAPJX)-CO(3)*RT7(KAJX)*AK)/DLHO
00(4)-CO(3)IAKI*RT7(KAJX)-RT8(KAJX)*CO(4)*AK2-RTO(KAJX)SCO( 4 )1 *AK2)/DLHO-CO(4)*RT6(KAPJX)AK2/DLHO
0(2,1)--C(2))t AKlRT9(KAJX)/DLHC(4,I)*RT6(KAtJX)*AK2/DLH
O(3I)-(C(4I)*AK2*RTS(KAJX)-C(3,I)*RT7(KAPJX)*AKI)/DLH(4,I)-(C(3,I)AKI*RT7(KAPJX)-RTS(KAJX)C(4,I)AK2-RT1O(KAJX)*C(4,I)
1 AK2)/DLH-C(4,I)*AK2*RT6(KA,JX)/DLH
C IF(I-J) lplip12
11 C(2I)'(T(-TO)*((2Z)+0QO2))*0.5
CQ(3tl)(T(I)-TO)*t((3,I)+00(3))*0.5
CR(4 I)=(T(Z)-TO)*(O(4I)+0(4) )*0.5
00 TO 531
12 C(2'1)-CO(2tl-l+(T(Z)-T(1-1))$*((2,IZ+)(2t1-I))*0.5C(41)'CO(4t-l)+(T(l)-T(I-1))I*((491)+0(4,1-1))*O.SCG(31)'-CO(3,-l)+(T(l)-T(1-1))*(Q(391)+0(31-1))$SO.5
531 CONTINUE
RETURN
END
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PROGRAM:TOP4NR
-Langmuir-Hinshelwood kinetics, Zone III-scheme(iii)--
SUBROUTINE TOP6(TOCO,TfCNTIMERO,R,NCOMPpNRECAKIAK2,AK3,OOO,CO,
1 RT7rRTSRT9,RTRTlO,RTKAJX)
DIMENSION CO(7)iT(25)PC(7,25),RO(7,11),R(7,11,25),OO(7 ),0(7,25),CQ(7,25)
DIMENSION RT7(4w3),RT8(4,3),RT9(4,3),RTIO(4u3),RT6(4,3)
NCOMP=4
NREC=4
KA-KA
JX=;JX Y1 1 Y2
O - PTHO Q (9) OPA
C REARRANGE COMPONENTS FOR THIS CALCULATION 2
CO(l)-CO(l) (7) 
C0(2)=CO(7) z TH (10)
C0(3)C0(4) (8)
C0(4)=C(5) Y3 ¥ 4
CO(5)=C0(2)
CO(6)=CO(6)
C
DO 10 I=1.NTIHE
C(l,I)aC(lI)
C(2tI)=C(7,I)
C(3,I)=C(4,I)
C(4,I)aC(5,I)
C(5,I)C(2.1)C(6,I)-C(6,I)
10 CONTINUE
DLHO-(CO(1)+CO(3)+CO(5)+CO(2))IAK1+(CO(4))$AK2+CO(6)$AK3
C
C FOR ZERO TIME
C
RO(ll)--CO(l)AK1/DLHO
RO(1,2)-C0(2)AK1/DLHO
RO(13):-CO(l)*AK1/DLHO
RO(2,1) CO(l)*AK1/DLHO
R0(2w2)--C0(2)*AKI/DLHO
RO(2.4)-C0(2)*AKI/DLHO
R0(3,3)uCO(l)*AK1/DLHO
RO(4,4)=CO(2)*AK1/DLHO
C
C FOR ALL THE REMAINING TIMES
C
DO 520 I=I.NTIME
C CALCULATE THE DENOMINATOR FOR THE L-H MODEL FOR ALL REMAINING TIMES
DLH-AKI(C(lr1)+C(3,I)+C(5I)+C(2pI))fAK2$(C(4I))+AK3$C(61,)R(l,I,)--C(l1I)*AK1/DLH
R(1.2,I)-C(2,l)*AK1/DLH
R(,3,I)--C(lI)*$AK1/DLH
R(2pltl)BC(ol,)$AK/DLN
R(2,29I)--C(2,I)SAK1/DLH
R(2,4p)a--C(2I )*AK1/DLH
R(3,3,I)=C(l1,l)AK1/DLH
520 R(44,tI)=C(2,I)$AK1/DLH
C
C CALCULATE THE KNOWN CONCENTRATIONS IN THE RATE EXPRESIONS
DO 531 I=1,NTINE
0O(2)=-CO(2)*AKLSRT9(KAJX)/DLHO
00(3)-(CO(4)$AK2RTS(KAuJX)-CO(3)*RT7(KAJX)$AK)/DLHO
00(4)=(CO(3)$AKISRT7(KAJX)-RT8(KAJX)*CO(4)*AK2-RTIO(KAJX)*CO(4)
1 AK2)/DLHO
0(2,I)-C(2tI)*AKI*RT9(KA,JX)/DLH
0(3,I)s(C(4,I)tAK2RTS(KA,JX)-C(3I)tRT7(KAJX)*AK1)/DLH
0(4,I)=(C(3,I)$AKI*RT7(KAJX)-RTSCKAJX)*C(4l)$tAK2-RTlO(KAJX)SC(4wI)
1 AK2)/DLH
C
IF(I-1) 11,11,12
11 CO(2,f)=(T(I)-TO)$(0(2I)+00(2))*0.5
CG(3,I)-(T(I)-TO)t(03,Z)+00(3))*0.5CO(4,l)=(T(I)-TO)$(0(4,I)+00(4))*0.5
00 TO 531
12 CO(2,I)-CO(2I-)+(T(I)-T(I-1))*(O(2,I)+O(2p,-1))*0.5
CO(4,l)-CO(4,I-l)+(T(I)-T(I-1))*(0(4,I)O(4I-1))*0.5CQ(3,I)-CO(3I-1)+(T(I)-T(I-1))S(0(3,I)+0(3I-1))O.5
S31 CONTINUE
RETURN
END
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PROGRAM: TOP4R
-Langmuir-Hinshelwood kinetics, Zone III-scheme(iv)-
SUBROUTINE TOP6(TOCOTCNTIEROfR,NCOHMPNRECAKIfAK2AK3,G00,GCO,
7RT7, RT, RTlO,RT6,KA,JX)
DIMENSION CO(7)tT(25),C(7,25),RO(711R()R7t1,25),G(7)tG(7,25)ICO(7125)
DIMENSION RT7(4,3),RTB(4,3),RT9(4,3)PRTIO(4f3)VRT6(4,3)
NCOMPs4
NREC-4
KAeKA
JX-JX Y1 Y2 (9)
C REARRANGE COMPONENTS FOR THIS CALCULATION - PYTHO - OPA
CO(l)WCO(1) I 41(6) 
C0(2)-C0(7) (7)
C0(3)sC0(4) BZT Q -Q H.C.NH
C0(4)-C0(5) y3 (8) Y4
CO(5)=C0(2)
CO(6)sC0(6)
C
DO 10 Il,NTIMEClr,I)-C(lI)C(2,I)=C(7I)C(3,I)-C(4,I)C(4.I)-C(5,I)C(5,I))C(2,I)C(6,I)-C(6tI)
10 CONTINUE
LNO(CO(1)+CO(3)+CO5)C)O(2))SAKI+(CO(4))*AK2+CO(6)*AK3
C
C FOR ZERO TINE
C
RO(l,1)-CO(1)*AK1/DLHO
ROC(1,2)=CO(2)$AKI/DLHO
RO(1,3)s-CO(I1)AK1/DLHO
RO(2,1)=CO(1)$AK1/DLHO
RO(2,2)s-CO(2)*AK1/DLHO
RO(24)s-CO(2)AK1/DLHO
RO(3,3)&CO(1)$AK1/DLHO
RO(44)-CO(2)$AK1/DLHO
C
C FOR ALL THE REMAINING TIHES
C
DO 520 ml.NTIME
C CALCULATE THE DENONINATOR FOR THE L-H ODEL FOR ALL RENAINING TINESDLH;AKI(C(lp)C(3,)tC(S)tC2,))+AK2*(C(4tI))+AK3$C(6I)R(ll,I)-C(lI)*AK1/DLH
R(l12,I)C(2,I)$AK1/DLH
R(1,3,I)u-C(lI)*AK1/DLH
R(2,1,I)=C(1,I)*AK/DLH
R(2.2.I)=-C(2,I)*AK1/DLH
R(2,4,I)=-C(2,fI)AK1/DLH
R(3,3,I)=C(1I)*AK1/DLH
520 R(4t4,I)-C(2,I)$AK1/DLH
C CALCULATE THE KNOWN CONCENTRATIONS IN THE RATE EXPRESSIONS
DO 531 I=1,NTIME
00(2)=-CO(2)$AK1*RT9(KA,JX)/DLHOCO(4)RT6(KAPJX)AK2/DLHO
00(3)-(CO(4)$AK2RTB(KAJX)-CO(3)RT7(KAJX)AK1)/DLHO
0O(4)=(CO(3)$AKI*RT7(KA,JX)-RTS(KA,JX)*CO(4)*AK2-RTIO(KA'JX)*CO( 4 )
I AK2)/DLHO-CO(4)IRT6(KAJX)*AK2/DLHO
0(2,I)=-C(2I)AK RT9(KA,JX)/DLH+C(4,1)3RT6(KAPJX)*AK2/DLH
0(3,1)-(C(4pI)tAK2RTS(KAPJX)-C(3I)RT7(KAPJX)*AK)/DLH
0(4,I)=(C(3,I)*AK$RT7(KAJX)-RTS(KAJX)SC(4,I)*AK2-RT1O(KAtJX)*C(4tl)
1 $AK2)/DLH-C(4tI)$AK2*RT6(KAtJX)/DLH
C
IF(I-l) 11,11,12
11 CO(2,I)m(T(I)-TO)$(0(2,I)+O(2))$0.5
CG(3l,)=(T(I)-TO)$(0(3,I)+00(3))*0.5
CG(4.I)-(T(I)-TO)*(0(4I)+0(4))*0.5
GO TO 531
12 C(2,)CG(2,I-)+(T()-T(I-1))S(0(2,I)+0(2,I-1)).0*5C0(4,I)sCC(4,-1l)+(T(I)-T(I-1))*(0(4,I)4O(4I-1))*0.5C(3,I)-CO(3,-1)+(T(I)-T(I-1))$(0(3I)tO(3,X-1))0.5
531 CONTINUE
RETURN
END
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PROGRAM:BZ3R
-Langmuir-Hinshelwood kinetics,
C
C
C
C
C
Zone II-scheme(i)-
SUBROUTINE BZ3(TOCOTtCiNTIMERORuNCOMPNRECAK1AK2,AK3)
DIMENSION CO(7),T(25)tC(7e25),R0(7,11)R(711,25)
NCOMP=3
NREC 3
REARRANGE COMPONENTS FOR THIS CALCULATION
CO(1)=CO(4)
CO(2)=CO(5) 1 3
CO(3)-CO(3)+C0(6) _ZTHO DHQ H.C.H3
Y1 2Y2 Y3DO 10 I,NTIHE
C(lfI)wC(4tI)
C(2,I)=C(5SI)
C(3,I)SC(3,1)+C(6,I)
10 CONTINUE
DLHOuAKI$(CO(I)+CO(4))+AK3CO(3)+AK2S(CO(2))
C FOR ZERO TIME
%O(l1),-AKl*C0(l)/DLHO
ROt l2)-AK2C0(2)/DLHO
R0(2,3)w-AK2$CO(2)/DLHO
RO(21)=AKl$CO(l)/DLHO
RO(2,2)--AK2CO(2)/DLHO
RO(3J3)=AK2CO(2)/DLHO
C
C FOR ALL REMNANING TIMES
DO 520 IlNTINE
C CALCULATE THE DENOMINATOR FOR THE L-H MODEL FOR ALL REMAINING TIMES
DLH=AK$(C( I)+C(4tI))4+AK35C(3uX)tAK2S(C(2tI))
R(t 1, I)-AKIC(I, )/DLH
R(t12,I)sAK28C(2fI)/DLH
R(2t3,I)--AK2C (2,I)/DLH
R(2i. I)-AKI$C(lI)/DLH
R(3,3, I)AK2$C(2,I)/DLH
520 R(2,2fI)=-AK2*C(2I)/DLH
RETURN
END
PROGRAM: BZ4R
-Langmuir-Hinshelwood kinetics, Zone II-scheme(ii)-
SUBROUTINE Z3(TOCOTCNTIMERORNCOMPtNRECAKltAK
2 AK3 )
DIMENSION C0(7),T(25),CC7.25),RO(7,11),R(7,11,25)
NCOMP=4
NREC=4
REARRANGE COMPONENTS FOR THIS CALCULATION
CO(l)=C0(4)
CO(2)=CO(5)
C0(4)=C0(7)
C0(3)=1.0-CO(1)-C0(2)-C0(4)
DO 10 Il,NTIME
C(l.I)eC(4pl)
C(2,I)mC(SI)
C(4,I)aC(7,I)C(3,I)-l.0-C(I,I)-C(2,I)-C(4'I)
O10 CONTINUE
BLHO-AKIl(CO(1)+CO(4))+AK3*CO(3)+AK 2 $(COdJ1
FOR ZERO TIME
RO(Ill)-AKKlCO(1)/DLHO
RO(1,2)AK2tCO(2)/DLHO
RO(2,3)u-AK2$CO(2)/DLHO
Y4
PYTHO
t4
Y1 2 Y2 Y3
C
C
C
C
C
C
C
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R0(2I)uAKIL CO(1)/DLHO
RO(2,2)--AK2*CO(2)/DLHO
RO(3t3)uAK2CO(2)/DLHO
0R(2o4)--AK2SCO(2)/DLHO
RO(4,4)-AK2*CO(2)/DLHO
C FOR ALL REMAINING TIME6
C
DO 20 I=l,NTIME
C CALCULATE THE DENOMINATOR FOR THE L-H ODEL FOR ALL REMAINING TIMES
DLHNAK1*(C(1I)+C(4,I))+AK3SC(3,t)+AK2*(C(2,I))
KClslaL,--ftI45L(1.1/DLH
R(1 2e1)AK2*C(2I,)/DLH
R(2,3ul)=-AK2*C(2I)/DLH
R(2, 1I)=AKl$C(lpI)/DLH
R(3.3,)=AK2C(2I)/DLH
R(2,4.I)=-AK2*C(2,I)/DLH
R(4,4,I)=AK2tC(2,I)/DLH
520 R(2,2,)=-AK2$C(2t)/DLH
RETURN
END
PROGRAM: BZ5R
-Langmuir-Hinshelwood kinetics, Zone II-scheme(iii)-
SUBROUTINE ZS(TOCOtT,CNTIHE,RO,R,NCONP,NREC,AKIAK2,AK3)
DIMENSION CO(7),T(25),C(7,25),RO(711)tR(7,11l25)
NCOMP-4
NRECS5
C RERRANGE COPONENTS FOR THIS CALCULTION PvH;
CO(1)uC0(4) 5 j4
C0(2)C0(5) 1
CO(4)aCO(7) BZTHQ DHO - . H.C.NH3
C CO(3CO3)+CO) Y Y Y3
DO 10 I1,NTINE
C(ltI)-C(4fI)C(2,)"C(,1)
C(4,1)-C(7tI)
C(3,1)-C(3,1)+C(6,I)
10 CONTINUE
BLNOmAKIl(CO(I)+CO(4))*AK3SCO(3)*AK2t(CO(2))
C
C FOR ZERO TIE
C
RO(191)a-AKlICO(l)/DLHO
RO(1,2)-AK2*CO(2)/DLHO
RO(2t3)--AK2*CO(2)/DLHO
RO(2,1)-AKIlCO(1)/DLHO
RO(22)m-AK2CO(2)/DLHO
RO(3t3)uAK2*CO(2)/DLHO
RO(2t4)--AK2*CO(2)/DLHO
RO(4t4).AK2*CO(2)/DLHO
RO(2tS)-l*CO(4)/DLHO
RO(4S)w-I*CO(4)/DLHO
C
C FOR ALL REMAINING TIMES
C
DO 520 I1,NTIME
C CALCULATE THE DENOMINATOR FOR THE L-N ODEL FOR ALL REMAINING TINES
DLH-AKIS(C(I,I)+C(4,I))+AK3$C(3I)+AK2$(C(2tI))
R(l,1,I)*-AKI*C(lI)/DLH
R(12,tI)SAK2$C(2,I)/DLH
R(2,3,I)-AK2*C(2,I)/DLH
R(2t3I )-AK1C(lI)/DLH
R(3r2,I)-AK2*C(2,I)/DLH
R(2,5,I)KItC(4,I)/DLH
R(4.SI)o-ltC(4,I)/DLH
R(4,4,I)-AK2$C(2tI)/DLH
520 R(2,2,It)-AK2$C(2,I)/DLH
RETURN
END
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PROGRAM: QUIN2R
-Lanmuir-Hinshelwood kinetics-
DIMENSION PYTHO(20)90(20),OPA(20)tBZTHQ(20)PDHO(20)9PB(20)EB3(2 0)
DINENSION PCHE(20)tPCH(20)PECH(20),UNKNOW(20),YAA(20),YSA(20)tYNH3 (2 0)
DIMENSION YOPA(20),W(20)A(20) D(20)YPYTHQ(20)vYDHG(20),AA(4),D(3)
C
C$S*tSStt***S$StttttSStttSStSStt*$$$$$$I$s*S*1sSs*1I$IS$$*ss*
C THIS PRORA WILL FIND THE RATE CONSTANT OF PY-OPACCIIltltItt$1881I11 l$ 1$t$tStttttlllI$t111*t5Ittl 1  l $$8 $851
AA(2)-2
AA(3)"4
AA(4)-6
D(1)-0.0070
D(2)=00038 203~~~~~(3)30.011 0 - PYTHQ - OPAD(3)B0o011
CALL FOPEN(1,'RUN3001')
CALL FOPEN(2,'RUN3002') 1
CALL FOPEN(3,'RUN3003')
CALL FOPEN(I8,DATA02') BZTHO Dho - H.C.IH 3
C
DO 1000 JXlr,3
IN-JX
CONSTI-D(JX)
00DO 1000 KA=1,4
CFIXIAA(KA)
C
READ (IN) NCONPeNRECtIIITO#EIBHTAR2AR1AR3INRUNTEMPPRESS
READ (IN) W(1),O(1)OPA(l)PD(1),BZTH(1)uDHO().PCH(1),PYTHO(l)
11-111
DO 50 LOOP2,1I
READ (IN) W(LOOP),O(LOOP)OPA(LOOP)PBP(LOOP)BZTHO(LOOP)DHO(LOOP)p
IPCH(LOOP)tPYTHG(LOOP)
EB(LOOP)-O.0
PCHE(LOOP)-0.0
ECH(LOOP)O.O
50 CONTINUE
EB(1)uO.O
PCHE(L)-O.O
ECH(l)O.O
UNKNOW(l)sO.O
DO 78 LOOPY2,11
YOPA(LOOPY)=OPA(LOOPY)/100.0
YPYTHO(LOOPY)sPYTHO(LOOPY)/100.0
YAA(LOOPY)(O(LOOPY)+ZTHLOOPY)OPY PA(LOOPY)+PYTHO(LOOPY))/100.0
YSA(LOOPY)m(DHQOLOOPY))/100.0
YNH3(LOOPY)=(PCH(LOOPY)+PD(LOOPY)+E3(LOOPY)+ECH(LOOPY)+PCHE(LOOPY))/100.0
YDHO( LOOPY )DHO(LOOPY ) /100.0
78 CONTINUE
WRITE(e.720)
720 FORMAT(lXTHIS IS THE nATE CONSTANT OF PY-OPAREVISED)
WRITE(O,730) NRUN,PRESSTEHP
730 FORMAT(IXi"RUN NO. "tI4e5X"PREBSURE * F6.ISX,TEMPERATURE a 'F6.1)
WRITE(8740) AR2,ARltAR3
740 FORMAT(lX"K9A/KAA .°PF6o2SX'KAAAAAA · ,F6.2SX,"KNH3/KAA = *PF6.2)
a()0.0
AREABIO.OA(l))0.0
AREAA=O.O
DO 100 LOOP1*29I1
DENOfiYAA(LOOPI)+CFIX~IYSA(LOOP1)+YNH3(LOOPI)$AR3
A(LOOPI)-CONST1*YOPA(LOOPI)/DENOH
LOOP12wLOOPI-l
WD-(W(LOOP1)-W(LOOP12))
AREAA=AREAA+(A(LOOP1)+A(LOOP12))/2.OIWD
3(LOOPI)-..0*YPYTHO(LOOP1)/DENON
AREAB-AREAB+(D(LOOPI)+B(LOOP12))/2.0*WD
CONST2-(YOPACLOOPI)+AREAA)/AREAD
WRITE (10,600) CONSTluCONST2,IlCFIXl.LOOPltYOPA(LOOP1)
WRITE (8P700) CONST1.CONST2,rIlCFIXIlLOOPlYOPA(LOOPl)
600 FORMAT(' CONSTI "tF10.79" CONST2- "vE15.6,/v
1 NUMDER OF DATA POINTS- 'I2t' KSA/KAA- "fF4.lt
2" Y('tZ2,') a ,F10.7,//)
700 FORfAT(' 'F20.7eE20.7,10OX12i6XF4.1,2XuI4.2XtF10.7)
100 CONTINUE
WRITE (8710)
710 FOR"AT(//)
REWIND JX
1000 CONTINUE
CALL RESET
END
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PROGRAM: QUIN3R
-Langmuir-Hinshelwood kinetics-
DIMENSION PYTHQ(20)OQ(20)PA(20)BZTHQ(20)DHG(20),PB(20),EB(20)
DIMENSION PCHE(20)PPCH(20)ECH(20),UNKNDW(20)tYAA(20),YSA(20)tYNH3(20)
DIHENSION YOPA(20),W(20),A(20)BD(20),YPYTHG(20),YDHQ(20),AA(4),D(3)
CCl$tIS$~t$S$St~t*Sttttt~ttStltS$$$$ $$$tt$t$$$$t$$$S$I*It$
C THIS POORAM NILL FIND THE RATE CONSTANT O DHO-HCC
AA(2)-2
AA(3)-4
AA(4)o6
D(I)-0.003 ? -THO OPAD(2)-0.0038
CALL FOPEN(1'RUN3001)1)
CALL FOPEN(2.'RUN3002') 3
CALL FOPEN(3,'RUN3003) BZTHOQ DHQ - H.C. 3
CALL FOPEN(B,'DATAO3')
C
DO 1000 JX=1,3
IN=JX
CONSTI.D(JX)
DO 1000 KA-1,4
CFIX1mAA(KA)
READ (IN) NCONPPNRECt IllTOtWEISHTAR2,ARI,AR3,NRUN,TEMPPRESS
READ (IN) (1)tQ(1),OPA(I),PD(1)BDZTHO(1)fDHG(1)tPCH(1)vPYTHO(1)
Il=I11+1
DO 50 LOOP=211
READ (IN) (LOOP),O(LOOP),OPA(LOOP)PD(LOOP)PDZTHQ(LOOP),DHO(LOOP)
IPCH(LOOP).PYTHO(LOOP)
EB(LOOP)-O.O
PCHE(LOOP)=O.O
ECH(LOOP)-O.0
50 CONTINUE
EB(1)=0.0
PCHE(1)-O.O
ECH(I)-0.0
UNKNOW(1)-O.O
DO 78 LOOPY-211
YOPA(LOOPY)=OPA(LOOPY)/100.0
YPYTHO(LOOPY)=PYTHO(LOOPY)/100.0
YAA(LOOPY)=(G(LOOPY)+BZTHQ(LOOPY)+OPA(LOOPY)+PYTHO(LOOPY))/100.0
YSA(LOOPY)w(DHO(LOOPY))/100.0
YNH3(LOOPY)=(PCH(LOOPY)+PB(LOOPY)+EB(LOOPY)+ECH(LOOPY)+PCHE(LOOPY))/100.0
YDHO(LOOPY)=DHO(LOOPY)/100.0
78 CONTINUE
WRITE(B8720)
720 FORMAT(IX.INUIS IS THE RATE CONSTANT OF DHO-HCREVISED')
WRITE(8,730) NRUNrPRESSTEHP
730 FORMAT(IXP'RU NO. 'I4.5X'PREBSURE * F.1,SX,'TEMPERATURE * F&.1)
WRITE(8,740) CFIX1,AR1,AR3
740 FORHAT(1XvKSA/KAA 'F6.2,SX,'KAA/KAA * ',F6.2,SX,'KNH3/KAA - ',F6.2)
B(1)-0.0
AREABO.O
A( 1)O.O
AREAA=0.0
DO 100 LOOPI·2.Ii
DENOn=YAA(LOOPI)+CFIX1SYSA(LOOPI)+YNH3(LOOP1)$AR3
A(LDOP1)-CONST1SYOPA(LOOP1)/DENOM
LOOP12mLOOP1-1
WD=((LOOP)-W(LOOP12))
AREAAAREAA+(A(LOOP1)+A(LOOP12) )/2.0WD
D(LOOP1)-CFIXlSYDHO(LOOP1)/DENOM
AREABDAREAB+(D(LOOP1)+D(LOOP12)) /2.0*D
CONST3u(YNH3(LOOP1)-AREAA)/AREAB
WRITE (10,600) CONST1PCONST3.II1,CFIX1,LOOP1.YNH3(LOOPi)
WRITE (8,700) CONSTICONST3I11,CFIX1,LOOPIYNH3(LOOP1)
600 FORMAT(' CONSTI- ',F10i.7, CONST3 'E15.6/
1' NUnBER OF DATA POINTS *,I2' KSA/KAA= ',F4.1,
2' Y('I2') F10.7,//)
700 FORMAT(' 'F20.7E20.E20.71OXXI216XF4.12XvI4v2X.F10.7)
100 CONTINUE
WRITE (8,710)
710 FORMAT(/[)
REWIND JX
1000 CONTINUE
CALL RESET
END
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PROGRAM: THEORY
-Runge-Kutta method to simulate product distribution-
DIhENSION Y(6)D(11ll)F(6)PFP(6,2S)BDl(6),82(6)B3(6)4(6)tT(25)
CALL FOPEN(15S'RAUW)
CALL FOPEN(16,'DRAWI')
CALL FOPEN(14. 'RAW2')
CALL FOPEN(1W'RATE"
READ(I) ((J)J-lIl) Y 1 Y2 9 Y5
READ(I) AHNA#AKIAK2,AK3,NRUN 0 PTHQ -- OPA
READ(1) TOPY(1).Y(2).Y(3)vY(4).Y(5).tY(6) 25 
WRITE(15IOO) T,(Y(I)lI-1,6) 7 TH oDHQ 
100 FORMAT(IX,7F.4) BZTH DHQ H..
900 CALL KINETIC(YBVAK AK2AK3tF) Y3 Y4 Y6
DO 10 1-1,6
D1(I)AHtF(I)
10 Y(I)-Y(I)+O.SBl(I)
CALL KINETIC(Y,,AK1,AK2,AK3,F)
DO 20 1-1,632(I)-AHF(I)
20 Y(I)-Y(1)-O.SB3l(I)40.5*D2(I)
CALL KINETIC(YeD,AKIsAK2,AK3,F)
DO 30 1I1,6
53(I)AHF(1)
30 Y(I)-Y(1)-0.522(I)33(I)
CALL KINET1C(Y,,AK1,AK2,AK3F)
DO 40 116,
D4(I)wAH*F(I)
Y(I)Y( )-D3(I)
40 Y(I).Y(I)1i.O/6.0(91(1)+2.0*2()+2. 02( 2. 3(BI)4(I))
TO-TO+AH
IF(TO.GE.600.0) GO TO 1999
IF(N.EO.HAN) GO TO 300
O0 TO 900
300 RITE(15100) TOt(Y(I)vIu1,6)
NR1
GO TO 900
1999 RITE(16t5OS) NRUN
105 FORMAT(IX, COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES,',I4/t
i X,'SPACE TIZE, hr s-crt/sol Vfed'/.FlX.'NOLE FRACTION'./tlX.'SYNB 199.0'
2 /,tlX'XMIN 0.O'/flXt'XMAX 700.0'/PlXt'YNIN O.O',/lXX'YNAX 1.01'p/t
3 Xv'XTIC 0.00'/IlXp'100.0, -l't/tlXv'YTIC 0.00',/wlX,'O.1 l'/vlX
4 'SYHT 0.08'/1Xt'END')
REMIND 15
DO 45 J1,23
READ(15102) T(J)r(FP(ItJ)tIwml6)
102 FORNAT(7F8.4)
45 CONTINUE
DO 400 I-1,5
DO 401 J1,23
WRITE(1611O) T(J),FP(IJ)
110 FORNAT(IXvFA.2p,'eF,.4)
401 CONTINUE
IF(I.EO.5) 00 TO 400
WRITE(16,126)
126 FORMAT(1X,'IE32, 199.0')
400 CONTINUE
MRITE(14,106) NRUN
106 FORMAT(IX"COPARSION OF CALCULATED AND EXPERIMENTAL VALUES,',4p/,t
1 'SPACE TIME, hr s-cot/sol foeed-/t1XFRACTION HYDRODENITROGENATION',/,
2 IX'eSYND 199.0',/lX"XMIN OO'p/tlX,'XNAX 700.0',/,1X,'YmIN O.O,/,lXp
3 'YMAR 1.01'/lIX'XTIC 0.0',/,IX,100.o, -',/,lX,'YTIC O.0',/lX,
4 '0.1 l'/,plXPEND')
DO 500 16.6
0D 500 J123
#RITE(14,111) T(J),FPcI,J)
111 FORMAT(1IXF6.2v''',FO. 4 )
500 CONTINUE
CALL RESET
END
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PROGRAM: KINETIC
SOUROUTINE KINETICT,3,AKlpAK2,AK3tF)
DINENSION Y(6)p.(ll)F(6)
DLH(Y(1)+Y(3)+Y(5)+Y(2))SAKI+Y(4)$AK2+Y(6)*AK3
F(l)-(-(1)*Y(I)SAKI+B(2)SY(2)AK1+BD5)*Y(3)SAKI-(3)*Y(1)*AKI)/DLH
F(2)-(D(l)*Y(I)AKI-B(2)tY(2)*AKI-B(4)Y(2)AKI+D(6)$Y(4)*AK2-D(9)*Y(2)
I *AKI)/DLH
F(3)-(-B(S)*Y(3)$AK1+D(3)$Y(I)*AKI+b(S)*Y(4)SAK2-B(7)*Y(3)*AK1)/DLH
F(4)u(5(4)tY(2)$AKID(7)*Y(3)AKI-B(S)SY(4)*AK2-D(6)*AK2*Y(4)-B(10)$Y(4)
1 AK2)/DLH
F(S)m(3(9)$Y(2)$AK1-(i11)*Y(5)*AK)/DLH
F(6)-(3(10)tY(4)$AK2+D(11)$Y(5)*AKI)/DLH
RETURN
END
PROGRAM: EXPT
C THIS PROGRAM READS ORIGINAL DATA FRO( THE DATAFILES, DIVIDES
C ALL VALUES BY 100.0 (TO PUT INTO HOLE FRACTIONS). AND SORTS AND
C WRITES DATA TO A FILE SUITABLE FOR PLOTTING.
DIMENSION T(6),C(S6)
C
CALL FOPEN(L5SXX')
CALL FOPEN(16'BB')
C
C
DO 10 2-1,6
READ (15) T(I),(C(Jl)gJs.l5)
10 CONTINUE
C
DO 505 J195
DO 505 Il6
C(JtI)BC(JtI)/100.0
505 CONTINUE
C
C ARRANGE CONPOSITIONS FOR PLOTTING.
DO 20 J15S
IF(J.EO.1) WRITE(16p31)
IF(J.EQ.2) RITE(16,32)
IF(J.EG.3) RITE(16v33)
IF(J.EQ.4) RITE(16,34)
IF(J.EO.S) WRITE(16,35)
31 FORAT(X'lE3293.0')
32 FORAT(X,'IE32,0.0')
33 FORAT(iX,lE32,3.0')
34 FORNAT(lX,'lE322.0')
35 FORNAT(lX,1'E3296.0')
DO 21 11w,6
WRITE (16,25) T(I)PC(JuI)
25 FORhAT(IXF6.2,,',FS.4)
21 CONTINUE
20 CONTINUE
STOP
END
-340-
Appendix VII
Location of Original Data
The original data are in the possession of Professor
Charles N. Satterfield at the Massachusetts Institute of
Technology, Cambridge, Massachusetts, and in the possession
of the author at Amoco Production Company, Tulsa, Oklahoma.
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